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New energy and multiple loads, such as distributed wind–solar storage and charging, are connected to the distribution network through power electronic converters, which increases the harmonic content in the distribution network and causes operational safety risks. In this paper, the mathematical model of harmonic current and harmonic power content in a distribution network is constructed by an equivalent circuit and vector diagram. The distributed power flow controller is proposed for harmonic control of the distribution network. The mathematical expressions of the harmonic current and harmonic power based on a distributed power flow controller are constructed, and the control strategy of the distributed power flow controller for harmonic control is proposed. The simulation results show that the proposed method can effectively suppress the fifth and seventh harmonics of the distribution network.
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1 INTRODUCTION
Under the goal of “double carbon,” China proposes to build a new power system. In this context, new energy sources such as distributed wind, solar, storage, and charging are connected to the distribution network on a large scale through power electronic converters (Zhang and ZhouQiang, 2021; Wang Feng et al., 2022; Sun et al., 2022). The power electronic converter is a great harmonic source, and the new energy collection system mostly uses power cables. When the number of power cables reaches a certain level, due to its capacitance effect, it is easy to form resonance with the line inductance in the distribution network, amplify the harmonics in the distribution network, and cause great harm to the operation of the distribution network (Wang Hao et al., 2022; Zhang et al., 2022; Tang et al., 2023). At present, the commonly used harmonic control devices can be divided into passive power filters (PPFs) and active power filters (APFs) (Geng et al., 2018). Harmonic control technology is divided into active harmonic control and passive harmonic control technologies. Active harmonic control technology is mainly controlled by optimizing the harmonic source equipment itself. Passive harmonic control suppresses the harm caused by harmonics to the power grid by adding filters. Because active control technology increases the cost and complexity of equipment, passive control technology is mainly used to solve the problem of harmonic pollution at this stage. At present, the commonly used harmonic control devices can be divided into passive power filters and active power filters (Xu et al., 2021). Li et al. (2020) stated that PPF is a filter device composed of harmonic capacitors and reactors. It is usually connected in parallel near the harmonic source. In this way, it can not only absorb the harmonic current but also compensate for reactive power, and the operation and maintenance are simple. However, the filtering performance of PPF is greatly affected by the system impedance, and the harmonic control effect is easily affected by the system structure. Cheng (2021) stated that APF is a filtering device based on power electronic switches, which can quickly respond to changes in the frequency and magnitude of harmonics, avoid resonance with system impedance, and achieve dynamic governance. At present, based on the optimal control algorithm, APF, which can provide harmonic compensation, harmonic damping, and harmonic isolation, has been widely used (Wang et al., 2017; Shen et al., 2019). For the harmonic problem of the distribution network, the APF that detects the harmonic voltage at the installation point can effectively suppress the harmonic amplification phenomenon in the line when the impedance matching condition is satisfied. However, due to the change in line parameters, the equivalent impedance of APF does not match the characteristic impedance of the distribution network, which will cause the ‘ground rat’ phenomenon of harmonics in the line, that is, the harmonic amplification at some positions will be suppressed, while the harmonic amplification at other positions will be caused (Li Yong et al., 2022; Guo et al., 2022).
The distributed power flow controller and series APF belong to the control device based on a voltage source converter (Li et al., 2022b; long et al., 2022; Xu et al., 2022; Chen et al., 2021). Therefore, DPFC can also be used as a filter device (Tang et al., 2021). Compared with the traditional centralized governance technology, DPFC, as flexible transmission equipment characterized by a distributed structure, has a more flexible access mode and is more suitable for the new distribution network with intermittent distributed energy access. Applying DPFC to the distribution network can not only compensate the harmonic voltage, reduce the harmonic content of the grid-connected point of the system, and play the role of the series APF but also compensate the reactive power, play the role of the power flow controller, and solve the problem of circulation and power flow reversal in the distribution network.
In order to further improve the harmonic suppression effect of the distribution network and reduce the occurrence of the ‘ground rat’ phenomenon, this paper proposes a DPFC harmonic current suppression control strategy suitable for the new distribution network. This paper takes the dual power supply ring distribution network as an example. Based on the equivalent circuit and vector diagram, the equations of harmonic current and harmonic power in the distribution network are derived. The access mode and harmonic control equation of the distributed power flow controller in the distribution network are studied. The control strategy of the distributed power flow controller for harmonic control of the distribution network is proposed, and its effectiveness is verified by simulation.
2 HARMONIC SUPPRESSION ANALYSIS
The phenomenon where the voltage and current waveform of the active distribution network present a non-sinusoidal waveform caused by a large number of transformers, converters, and power electronic equipment with the iron core structure in the distribution system is called the sinusoidal distortion of voltage and current. The degree of distortion can be expressed by the total harmonic distortion rate as follows:
[image: image]
In the formula, [image: image] and [image: image] are the effective values of fundamental voltage and fundamental current, respectively. [image: image] and [image: image] are the effective values of the nth harmonic voltage and current, respectively. According to the principle of Fourier decomposition, a distorted component can be decomposed into the sum of the fundamental frequency component and multiple high-order components whose frequencies are integer times of the fundamental frequency, as shown in Equation 2.
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In the formula, [image: image] is the fundamental frequency component, [image: image] is the fundamental frequency angular frequency, and [image: image] is the nth harmonic. Equation 2 is simplified as follows:
[image: image]
In the formula, [image: image] and [image: image] are the amplitude and phase angle of the nth harmonic component, respectively. In the distorted voltage and current, the ith harmonic voltage (current) content rate (harmonic content, HC) is usually expressed by the percentage of the effective value of the ith harmonic voltage (current) to the effective value of the upper fundamental voltage (current), which is expressed as follows:
[image: image]
In the power system, the ideal voltage and current waveform should be a standard sine waveform. However, due to the existence of a large number of rectifier and inverter devices and power equipment with the core structure in the system itself, especially the new energy power generation device widely connected in the active distribution network, which contains many power electronic power generation equipment, a large number of harmonic sources are added to the distribution network system so that the actual voltage waveform of the system is distorted into a non-sinusoidal voltage waveform.
The harmonics existing in the system will increase the loss power of the whole system, accelerate the aging of the equipment in the system, and may also cause mis-operation or even rejection of the relay protection device installed in the system, which will seriously affect the normal and stable operation of the power system. In China’s power system operation standards, the harmonic content value of the common power grid is clearly defined (Tang et al., 2022), and the harmonic-phase voltage limit is shown in Table 1.
TABLE 1 | Shared grid harmonic limit.
[image: Table 1]When the distributed power flow controller is used as a filtering device, the equivalent circuit of a single DPFC unit in series in the line can be represented by Figure 1.
[image: Figure 1]FIGURE 1 | Equivalent circuit of the DPFC system.
Figure 1 shows that [image: image] and [image: image] are the voltages at the beginning and end of the line where the DPFC is located, and the phase angles are [image: image] and [image: image], respectively. [image: image] is the total impedance of the line, [image: image] is the line current, and the phase angle is [image: image]. The DPFC can be represented by a controlled voltage source with a voltage amplitude of [image: image] in the line, and its phase angle is [image: image], that is, the DPFC can work in the inductive (symbol is +) or capacitive (symbol is −) state. Because the line transmission power is high, it can be considered that [image: image] is very small, that is, [image: image] is perpendicular to [image: image].
When multiple DPFC units are connected in series on the line to work together, the output voltage of all DPFC units can be equivalent to a collective controlled voltage source, and the equivalent circuit with DPFC is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Branch equivalent circuit with DPFC.
Figure 2 shows that [image: image] and [image: image] are the voltages at the beginning and end of the line, respectively, where the DPFC is located. [image: image] is the line equivalent impedance. [image: image] is the line current. [image: image] and [image: image] are the active and reactive power flow at the end of the line, respectively. [image: image] is the equivalent voltage of DPFC injected into the line.
Figure 3 shows that the inductive compensation of DPFC can be considered an additional series inductance on the line, resulting in an injection voltage compensation of 90° ahead of the line current to the line because the equivalent reactance of the DPFC output is positive at this time. The capacitive compensation of DPFC can be considered a series compensation of a capacitive reactance on the line, resulting in an injection voltage that lags the line current by 90° to be compensated to the line. At this time, the equivalent reactance of the DPFC output is negative.
[image: Figure 3]FIGURE 3 | Phasor diagram of the compensation mode for multiple DPCC in different working modes.
The DPFC can invert the voltage of different frequencies and compensate and eliminate the harmonics of the selected specific frequency. The DPFC is installed in the dual power supply ring distribution network, and the simplified circuit under a certain frequency doubling is shown in Figure 4.
[image: Figure 4]FIGURE 4 | DPFC offset harmonic diagram.
Figure 4 shows that [image: image] is the compensation harmonic voltage output by the DPFC unit. [image: image] and [image: image] are the voltages at the beginning and end of the line with harmonic generation, respectively. [image: image] is the harmonic current. A DPFC device is installed on the line that generates harmonics to generate a reverse voltage drop, which can reduce the harmonic current amplitude to a lower level.
When DPFC is used for harmonic control, the compensation voltage of DPFC is perpendicular to the line current, and the compensation phasor diagram is shown in Figure 5.
[image: Figure 5]FIGURE 5 | DPFC harmonic control voltage compensation vector diagram.
In Figure 5, [image: image] is the voltage drop caused by line resistance and reactance. At this time, the harmonic current can be expressed as follows:
[image: image]
At this time, the harmonic power generated by the line is as follows:
[image: image]
Let
[image: image]
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Equation 5 can be expressed as follows:
[image: image]
3 DPFC HARMONIC CURRENT SUPPRESSION CONTROL STRATEGY
The primary equipment of the DPFC unit is a single-phase bridge voltage source converter generally composed of IGBTs. The equivalent circuit model is shown in Figure 6:
[image: Figure 6]FIGURE 6 | DPFC primary equipment equivalent circuit diagram.
Figure 6 shows that [image: image] is the current flowing into the DPFC. [image: image] is the current flowing through the DPFC filter inductor. [image: image] is the voltage injected into the line, and it is also the voltage of the DPFC filter capacitor [image: image] . [image: image] is the output voltage of the DPFC AC side. [image: image] is the DC-side capacitor voltage of DPFC, and [image: image] is the current flowing through its DC capacitor.
The mathematical model of DPFC in the rotating coordinate system can be expressed as follows:
[image: image]
[image: image]
After the Park transformation of the injected voltage [image: image] and [image: image], the dq-axis components of [image: image] are coupled to each other through feedback. In order to achieve cross decoupling, the voltage feedforward decoupling control and current state feedback control method are used to decouple the d-axis and q-axis components of [image: image] and [image: image]. Let
[image: image]
[image: image]
Among them, [image: image] and [image: image] are the proportional and integral gains of the DPFC voltage loop PI controller, respectively. [image: image] and [image: image] are the proportional and integral gains of the DPFC current loop PI controller, respectively.
The Laplace transform of Equations 12 and 13 is carried out, and the transformed equation is substituted in Equation 10 to obtain Equation 14:
[image: image]
The Laplace transform of Equations 12 and 13 is carried out, and the transformed equation is substituted in Equation 11 to obtain Equation 15:
[image: image]
From the harmonic suppression analysis Equation 8, it can be seen that in order to reduce the harmonic current amplitude within the capacity range of the DPFC device, the compensation voltage amplitude should be increased as much as possible, that is, the [image: image]-value should be increased. The DPFC operates in the harmonic current suppression mode, and the control strategy block diagram is shown in Figure 7.
[image: Figure 7]FIGURE 7 | DPFC harmonic current suppression mode control strategy.
As shown in Table 1, the total harmonic distortion rate of the voltage specified in the 0.38-kV distribution network needs to be controlled within 5%. According to the Newton–Raphson algorithm, the amplitude of the line harmonic current is judged first. If the harmonic current amplitude is less than 5%, the harmonic current does not need to be suppressed. The signal selection switch [image: image] is selected to the “11” gear, the [image: image] controller input is set to zero, and the DPFC device does not work. If the harmonic current amplitude is greater than 5%, the signal selection switch [image: image] is selected to the “12” gear, and the difference between it and the 5% specified value is input to the [image: image] controller.
The [image: image] controller output is multiplied by [image: image] at this time and adjusted by [image: image] to obtain the DPFC voltage compensation value. At this time, the initial harmonic compensation voltage value of the DPFC increases with the increase in the amplitude of [image: image]. After the adjustment of the [image: image] controller, it can be seen from Equation 6 that the generation of [image: image] will inhibit the harmonic current and then make the harmonic current dynamically track the distortion rate range within 5%.
Combined with the DPFC DC capacitor voltage control loop, voltage loop control, and current loop control, the complete control block diagram of DPFC in harmonic current suppression mode can be obtained, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Complete control block diagram of DPFC in the harmonic current suppression mode.
After determining the system parameters of the DPFC arranged on the line, the harmonic current suppression characteristics of the DPFC can be analyzed. The system parameters are set as follows: [image: image], [image: image], and [image: image]. The initial value of the harmonic current on the line is 1.3879 (p.u.). After installing the DPFC device on the line and making it work in the harmonic current suppression mode, the regulation characteristics of the DPFC in the harmonic current suppression mode are shown in Figure 9.
[image: Figure 9]FIGURE 9 | DPFC harmonic current suppression characteristics.
It can be seen from Figure 9 that when the DPFC device does not perform harmonic current suppression, the initial harmonic power is 0.0534 (p.u.). As the DPFC output voltage increases from 0 to 0.091 (p.u.), both the harmonic current and the harmonic power decrease. The harmonic current suppression coefficient (denoted as) is (1.38791–0.5129)/0.091 = 9.615. At the same time, as the DPFC compensation voltage increases, the harmonic power decreases from 0.0534 (p.u.) to 0.0152 (p.u.). It shows that DPFC has a high regulation ability in suppressing the harmonic current.
The multiple DPFC units installed on the line can impose independent control targets on each DPFC, according to the different requirements of the capacity and voltage of the layout point so that it can track the given value of the instruction within its own capacity limit, and different DPFC units can also be redundant to each other, which greatly improves the stability and reliability of the whole system.
4 SIMULATION ANALYSIS OF DPFC HARMONIC CURRENT SUPPRESSION
Based on PSCAD/EMTDC, a simulation model is built, as shown in Figure 10, to verify the effectiveness of the distributed power flow controller in controlling harmonics. The specific parameters of the model are shown in Table 2.
[image: Figure 10]FIGURE 10 | Structure of the harmonic current suppression test system with DPFC.
TABLE 2 | Model parameter.
[image: Table 2]In the verification of the DPFC harmonic control, this paper uses a harmonic generator with a six-pulse rectifier as the core to inject sub-harmonics into the system. The simulation model built on the PSCAD/EMTDC platform is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Simulation system of DSSC harmonic current suppression based on PSCAD/EMTDC.
When the DPFC works in the harmonic current suppression mode, its controller module form is constructed in PSCAD, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | DPFC harmonic current suppression controller model based on PSCAD/EMTDC.
When the DPFC harmonic current suppression simulation experiment is carried out in the system of Figure 11, the specific operation is as follows: 0.3 s is put into the DPFC device to charge the DC capacitor so that the DPFC is in a hot standby state. At 0.6 s, the DPFC device is put into the harmonic current suppression mode to suppress the harmonics injected into the line by the harmonic generation device. The current simulation waveform of the branch where the DPFC is located during the working process is shown in Figure 13. Among them, the fifth and seventh harmonics are taken as the representative, and the current waveform and amplitude change are shown in Figure 14 and Figure 15, respectively.
[image: Figure 13]FIGURE 13 | DPFC harmonic current suppression before and after the line single-phase current waveform.
[image: Figure 14]FIGURE 14 | The waveform and amplitude changes of the fifth harmonic current before and after the single-phase harmonic current suppression of DPFC are analyzed.
[image: Figure 15]FIGURE 15 | The waveform and amplitude changes of the seventh harmonic current before and after the single-phase harmonic current suppression of DPFC are analyzed.
As shown in Figure 13, under the harmonic injection of the harmonic generator within 0–0.5 s, the line current is seriously distorted into a non-standard sine waveform state because the DPFC does not input the harmonic current.
The waveform and amplitude of the fifth harmonic current before and after the harmonic current suppression of DPFC are changed.
As shown in Figure 13, under the harmonic injection of the harmonic generator within 0–0.5 s, the line current is seriously distorted into a non-standard sine waveform state because the DPFC does not input the harmonic current suppression mode, and its peak value is approximately 0.101 kV. At 0.6 s, the DPFC works to suppress the harmonic current, and the line current is restored to the sinusoidal state without harmonic distortion after a transition time of approximately 0.6 s. During the period, the amplitude of the line current is slightly reduced due to the filtering of the distorted harmonics and finally stabilized at the standard sinusoidal waveform state with a peak value of approximately 0.098 kV.
Compared with Figure 14 and Figure 15, when harmonic current suppression is not carried out, according to the previous formulas Equation 1 and Equation 4, it can be seen that when only the fifth and seventh harmonics are considered, the line current distortion rate 1 reaches 11.7%, of which the fifth harmonic content rate is 10.2% and the seventh harmonic content rate is 6.1%, indicating that the harmonic distortion rate at this time has exceeded the harmonic limit of the common grid specified in Table 1. After the harmonic current suppression of DPFC, the amplitude of the fifth harmonic current decreases from 0.01 kA to 0.003 kA, and the amplitude of the seventh harmonic current decreases from 0.006 kA to 0.002 kA. The harmonic content corresponding to the fifth and seventh harmonics is 3.06% and 2.04%, respectively, and the current distortion rate [image: image] is reduced to 3.67% after DPFC adjustment. In addition, Figure 14 and Figure 15 also show that since the effective value of the seventh harmonic is lower than that of the fifth harmonic, and it can be reduced to the target value after the harmonic current suppression of approximately 0.3 s by DPFC. By contrast, it takes approximately 0.6 s to reach the target value to suppress the fifth harmonic.
The simulation results of the DPFC harmonic current suppression show that DPFC can effectively suppress the harmonic current and has a high suppression efficiency for fifth and seventh harmonic currents. At the same time, the simulation results also verify the correctness and effectiveness of the DPFC harmonic current suppression strategy proposed in this paper.
In addition, the control effects of the parallel PPF filter device, APF device, and DPFC device are compared by simulation. The parallel PPF includes two single-tuned filters and a band-pass filter. The simulation results are shown in Table 3.
TABLE 3 | Comparison of the treatment effects of different harmonic control devices.
[image: Table 3]The filtering effect after the installation of the parallel PPF device is better, and the main seventh harmonic filtering is more thorough, but the filtering effect for the fifth harmonic is not ideal, and the higher harmonics that account for a relatively small proportion are not effective. In addition, to a certain extent, it will cause changes in the grid-connected point voltage and current. After the APF device is installed, the overall filtering effect is weaker than that of the PPF device. After the installation of the DPFC device, the filtering effect is improved, compared with the previous two devices, and the filtering effect of the fifth and seventh harmonics is the best.
5 CONCLUSION
This paper summarizes the existing harmonic situation in the distribution network, analyzes the harmonic current and harmonic power in the dual power supply loop network in the distribution network in the form of a vector diagram and equivalent equation, and puts forward the distributed power flow controller as the way of harmonic control. The distributed power flow controller injects harmonic voltage sources of equal size and opposite direction into the distribution network to offset the harmonics in the distribution network and achieve the purpose of controlling the harmonics in the distribution network. The following conclusions are obtained:
1) After the harmonic current suppression of DPFC, the amplitude of the fifth and seventh harmonic currents decreased from 0.01 kA to 0.006 kA–0.003 kA and 0.002 kA, respectively, and the corresponding harmonic contents were 3.06% and 2.04 m%, respectively. The current distortion rate is reduced to 3.67%.
2) Due to the higher content of the fifth harmonic in the distribution network, the time required for its control based on the distributed power flow controller is more than that of the seventh harmonic.
3) The harmonic control technology based on DPFC effectively suppresses the harmonic content of the grid-connected point. Adding a new control algorithm to the DPFC device can make the harmonic reduction rate reach more than 98%.
It can be seen from the above that the distributed power flow controller has a good effect on the harmonic control of the distribution network. Since the distribution network is mostly segmented lines, which is in good agreement with the multi-module structure of the distributed power flow controller, each sub-module of the distributed power flow controller can be distributed in the line section of the distribution network, as needed to control the harmonic source locally.
In this paper, a harmonic suppression control strategy for the distribution network based on the distributed power flow controller is proposed, which provides a new idea for the problem of harmonic suppression and amplification caused by resonance in the distribution network and also provides theoretical support for the application of DPFC harmonic control engineering.
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