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In the case of resistance-inductance lines in PV station area, the problem of voltage overstep is easy to occur. This article proposes a reactive power compensation control method to improve the voltage stability in the photovoltaic power plant area, which addresses the problem of voltage at the point of common coupling (PCC) exceeding the upper limit due to resistance circuits and exceeding the lower limit due to relatively insufficient reactive power output when the output active power is high. The idea is to achieve dynamic adjustment of PCC voltage by paralleling a static reactive power generator (SVG) at the grid connection point and using a variable droop control method. In addition, a reactive power optimization method based on improved particle swarm optimization (IPSO) algorithm is proposed to address the changes in power flow caused by photovoltaic integration in the distribution network system. The proposed improvement method not only effectively reduces network losses but also significantly improves voltage stability.
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1 INTRODUCTION
With the increasingly serious problems of energy shortage and environmental pollution, photovoltaic power generation has become a representative new energy generation technology. (Gunannan et al., 2016). Due to the uncertainty and intermittency of photovoltaic output, when photovoltaic is connected to the grid, it will have a certain impact on the power quality of the distribution network, such as voltage beyond limits, voltage imbalance, flicker, and harmonic overload. In the case of resistor-inductance circuits, the problem of voltage beyond limits is more serious. When the capacity of photovoltaic power supply is large, it may change the direction of the system’s power flow, which has a significant impact on the voltage deviation and network loss of the distribution network.
To maintain the voltage stability of the power grid, reactive power compensation devices are usually installed in renewable energy station. Traditional reactive power equipment mainly includes on load tap changer (OLTC), parallel capacitor (SC), parallel reactor (SR), and SVG. As the most widely used reactive power regulation device, SVG has advantages such as wide compensation space, fast response speed, and low harmonic content. In recent years, SVG has become the mainstream equipment for future reactive power compensation devices. (Woei-Luen et al., 2010). It is necessary to use SVG reasonably to improve the transmission stability and capacity of the new power system, avoid voltage fluctuations, which can also ensure low harmonic content, fast response speed, and high reliability in the output of PV station. (Ruiling et al., 2023).
The existing reactive power and voltage regulation strategies are mainly studied from two aspects. One is local voltage control, which only considers the impact of photovoltaic integration into the grid on the PCC voltage. The other, from a system perspective, aims at ensuring that the voltage deviation and network losses of each node in the distribution network are maintained within a reliable operating range.
For local control, Xiaohu et al. (2012), Young-Jin et al. (2013) propose a coordinated control method for active/reactive power, which adjusts the voltage by controlling the output power of the photovoltaic grid inverter. However, this method limits the capacity of photovoltaic power generation and reduce efficiency. Yan et al. (2017) proposes a method to compensate uncertain voltage fluctuations and maintain a safe voltage level under random load demands by changing the power of grid connected reactive power equipment and transformer joints. However, this method only focuses on voltage fluctuations at grid nodes and does not consider the impact of active power loss. Hiroo et al. (2012) uses a three-layer allocation strategy to coordinate the allocation of reactive power shortage in large photovoltaic power stations among SVG, photovoltaic power generation units, and photovoltaic inverters. This strategy adopts voltage reactive power sensitivity method to improve the accuracy of reactive power control in photovoltaic power stations. Huimin et al. (2022) presents a multi-layer coarse-to-fine grid searching approach for calibrating SVG dynamic model parameters using particle swarm optimization to address the known issues of low identification accuracy and long computation time faced by the traditional SVG parameter identification methods.
When considering the voltage of each node in the distribution network, Chao and Luis (2016) studies the combined effect of photovoltaic power sources and loads on the voltage fluctuations of each node. The result indicates that photovoltaic integration poses a risk of instability in node voltage. Puyu et al. (2022) study the impact of the PV location on the network power losses and voltage fluctuations under the premise of considering line impedance. A PSO algorithm is used to synthesize an optimal compromised solution so as to determine the PV location. Te-Tien et al. (2016) points out that the voltage of each node on the feeder line increases after the photovoltaic power sources connected, which is significantly different from the traditional trend of node voltage gradually decreasing from the first node to the end on the feeder line. Voltage sensitivity matrices are fundamental for the model-based control of the distribution networks. Maharjan et al. (2020) proposes an enhanced method, which comprises of analytical expressions for direct estimation of the voltage sensitivity to tap-position and active/reactive power injections for any strength of the external grid. A new virtual power/voltage sensitivity method is derived in Saurabh et al. (2019), Wenshu et al. (2021), and based on this, an optimal constraint method for wind farm group voltage is proposed. In Mendoza et al. (2018), a new method for optimal reactive power planning considering photovoltaic output fluctuations is proposed to minimize the annual equivalent operating cost. The reactive power allocation of SVG is based on the cumulative probability curve of annual power fluctuations. In Chenyu et al. (2022), a reactive power compensation model that combined reactive power compensation devices as a regulation method to reduce system line loss and voltage deviation was proposed. In Yu and Shan (2015), parallel capacitors and SVG are set as controllable variables, and particle swarm optimization (PSO) using Latin hypercube sampling is explored to minimize the annual equivalent operating cost.
In summary, the above local voltage control methods mainly focus on the voltage exceeding the lower limit at PCC when the line impedance is inductive and neglects the adverse effects of resistance in low-voltage distribution lines. In addition, traditional particle swarm control cannot balance optimization speed and accuracy. During the iteration process, the inertia factor and learning factor should be reasonably configured with the number of iterations.
Therefore, this paper mainly focuses on solving the three problems brought about by photovoltaic grid connection: PV access point voltage exceeding limits, distribution network voltage deviation, and distribution network loss. Firstly, the resistance and inductance lines of photovoltaic power plants will cause the voltage the upper limit at PCC. And when the output active power is relatively high, the relatively insufficient reactive power will cause the voltage to exceed the lower limit at PCC. Therefore, the method of parallel connection of a static reactive power generator at PCC was adopted, and an improved reactive voltage droop control method was proposed. This method is simple to implement, greatly improves voltage stability. For distribution network voltage deviation and distribution network loss, an improved particle swarm optimization algorithm is proposed to ensure the minimum voltage deviation and network active power loss under photovoltaic integration. Figure 1 gives the research route.
[image: Figure 1]FIGURE 1 | Research route.
2 SYSTEM MODEL
2.1 Photovoltaic station topology
Figure 2 is a structure chart of photovoltaic platform area, including PV inverter, AC bus, SVG, transmission line impedance Rs + jXs, load and grid. The photovoltaic inverter outlet is collected to the AC bus, and the AC bus is connected to the grid through the boost transformer and line impedance. The photovoltaic power generation cluster and the grid jointly supply power to the load. SVG is connected to the low voltage side of the transformer to compensate the reactive power and dynamically adjust the grid-connected voltage to improve static stability.
[image: Figure 2]FIGURE 2 | Structure chart of photovoltaic platform area.
2.2 Basic SVG control strategy
SVG is essentially a grid following inverter that can achieve flexible reactive power compensation. It is possible to control reactive power by controlling the output current of SVG. The traditional control block diagram of SVG is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Traditional control block diagram of SVG.
DC outer loop of SVG generates the d-axis reference current of inner loop through a PI controller after differential comparison between DC capacitor voltage and DC voltage reference value. The d-axis current reference can be obtained according to Equation 1.
[image: image]
where Udcref and Udc are the reference values of DC voltage and DC voltage respectively. kpv and kiv are proportional gain and integral gain of voltage regulator respectively.
The reactive power loop of SVG generates the q-axis reference current of the inner loop through a PI controller after comparing Qref and QSVG. The q-axis current reference can be obtained according to Equation 2.
[image: image]
where Qref and QSVG are the reactive power reference value and the reactive power provided by SVG respectively. kpq and kiq are the proportional gain and integral gain of the reactive power regulator respectively.
In the current inner loop, a PI controller is used to control the output reactive current of SVG. As shown in Figure 3, idref is the active current reference output by the DC outer loop, and iqref is the reactive current reference generated by the reactive outer loop. id and iq are the active and reactive components of the current output by SVG respectively. The ωL is decoupling of the current inner loop, ud and uq are voltage feedforward control to speed up the response, iCd and iCq are capacitive current proportional feedback to damp LCL resonance.
3 SVG CONTROL METHOD BASED ON VARIABLE DROOP COEFFICIENT
3.1 Mechanism of voltage exceeding limit at PCC
Figure 4 gives the photovoltaic grid connection diagram. The output active power and reactive power of the photovoltaic source are PPV and QPV, and the impedance value of transmission line is Rs + jXs.
[image: Figure 4]FIGURE 4 | Photovoltaic grid connection diagram.
Phasor of grid voltage is [image: image]. SVG is connected to the photovoltaic source outlet, and the compensated reactive power value is set to QSVG. Suppose [image: image] is the current sent out of the line by the photovoltaic source, [image: image]. The PCC point voltage can be obtained according to Equation 3.
[image: image]
The complex power injected into the grid by the photovoltaic power station and SVG can be expressed as Equation 4.
[image: image]
Then, the PCC voltage can be derived as Equation 5.
[image: image]
where
[image: image]
The expression of the PCC voltage contains two different solutions according to Equations 5–6, a high voltage value and a low voltage value, corresponding to the stable and unstable points of the voltage respectively. When both the photovoltaic inverter and SVG do not emit reactive power, the above voltage expression can be simplified as
[image: image]
Figure 5 shows the relationship curve between photovoltaic output active power and PCC voltage. Equation. 7 corresponds to the situation Q = 0 in Figure 5A. When SVG provides reactive power output, P-U curve corresponds to the situation Q = −0.1p.u.and Q = 0.1p.u. which are also shown in Figure 5B. Due to line containing resistance and inductance, the voltage of PCC of rises first then decreases and finally reaches the critical stable point with the increase of active power. Therefore, if the reactive power capacity is insufficient, there is a risk of exceeding the lower voltage limit when the photovoltaic active power is large; The reactive power can support the voltage of PCC, but the fluctuation of output active power may cause the PCC voltage to exceed the upper limit.
[image: Figure 5]FIGURE 5 | P-U curve of grid-connected point. (A) Different reactive power conditions. (B) Different line conditions.
P-U curves under different line impedances can also be obtained from the above formulas, as shown in Figure 5B. When the line is pure inductive, the voltage gradually decreases with the increase of the output active power. In this case, the problem of voltage beyond the lower limit caused by insufficient reactive power is more likely to occur. When the line is pure resistance, with the increase of output active power, the voltage gradually increases, in this case, the voltage will exceed the upper limit; When the line is resistance-inductance, both situations can occur.
3.2 Improved local control strategy
Suppose that Uset is the target value of voltage, when the voltage exceeds the limit, SVG can adjust the voltage to the target value. When the photovoltaic inverter operates in unit power factor mode, the value of Uset is
[image: image]
According to the Equation 8, the reactive power required by SVG can be calculated as
[image: image]
From Equation 9, it can be seen that the SVG output reactive power QSVG is a function of PPV. The reactive power that SVG needs to emit can be obtained based on the active power output from the photovoltaic source. According to the above equation, a reactive power voltage droop control can be proposed, and the droop coefficient is set to a function of PPV, as shown in Figure 6. Then the droop coefficient multiplied by the difference between the Uref and Ud is reactive power reference of SVG. The droop coefficient of SVG can be derived as Equation 10.
[image: image]
[image: Figure 6]FIGURE 6 | Variable droop coefficient control of SVG.
4 REACTIVE POWER OPTIMIZATION OF DISTRIBUTION NETWORK UNDER PV CONNECTION
4.1 The impact of PV output active power on PCC voltage
Figure 7 shows a diagram of photovoltaic connection to distribution network, assuming that the line has n nodes and PV is connected at k point. The following analysis will be conducted according to different situations.
A. Before photovoltaic connection
[image: Figure 7]FIGURE 7 | Diagram of photovoltaic connection to distribution network.
Before photovoltaic integration into the distribution network, the voltage Um at any point on the feeder line is
[image: image]
where PL,i is the active load at point i. Due to the majority of load power factor being above 0.9, when analysing the impact of active power, the reactive power of the load can be ignored first. Equation 11 can be transformed into
[image: image]
Due to the constant positive power consumption of the load, it can be seen from Equation 12 that Um is always less than UN. Therefore, the voltage always decreases from the beginning to the end of the feeder line.
B. After photovoltaic connection
Considering that photovoltaic inverters generally operate at a unit power factor when connected to the grid, Qpv is temporarily assumed to be 0. The node voltage Um at the front end of the photovoltaic connection point is
[image: image]
According to Equation 13, the voltage difference between the two points before the photovoltaic connection point can be expressed as
[image: image]
According to Equation 14, it can be concluded that:
When [image: image], that is, the sum of the load power behind point m is greater than the active output of the photovoltaic system, Um-Um-1<0. The feeder voltage decreases before the photovoltaic connection point.
When [image: image], that is, the sum of the load power behind point m is less than the photovoltaic active output, Um-Um-1>0. The feeder voltage increases before the photovoltaic connection point.
As mentioned above, the output reactive power and load consumption reactive power of photovoltaic source will not be considered temporarily. The voltage Um at any point at the front end of the photovoltaic connection point is:
[image: image]
According to Equation 15, the voltage difference between the two points after the photovoltaic connection point is:
[image: image]
According to Equation 16, it can be concluded that due to the constant value of Um- Um-1 being less than 0, the voltage of the nodes at the back end of the photovoltaic connection point gradually decrease as the length of the feeder line.
C. Summary
By analysing the above derivation results, it can be seen that the voltage of the distribution network is related to the photovoltaic output power and load. Assuming that the system power supply voltage remains constant, as the photovoltaic output changes, the feeder voltage will have the following situations.
(1) When the photovoltaic output is low, the line voltage gradually decreases along the feeder line.
(2) As the photovoltaic output increases, the line voltage may show a trend of first decreasing, then increasing, and finally decreasing again.
(3) As the photovoltaic output exceeds the line load by a large amount, it may first increase and then decrease.
In cases (2) and (3) above, the photovoltaic connection point is the highest local voltage, and the voltage value can be expressed as Equation 17.
[image: image]
4.2 The impact of photovoltaic output reactive power on grid voltage
The widely used photovoltaic inverters currently have power scheduling functions, allowing them to operate at non unit power factors and send reactive power to regulate voltage. If only considering the reactive power output of the inverter, the impact on voltage can be expressed as:
[image: image]
According to Equation 18, when the inverter outputs inductive reactive power (with a specified direction of positive), the voltage can be reduced. When the inverter outputs capacitive reactive power (with a specified direction of negative), the voltage can be increased. In addition, the larger the reactive power output of distributed photovoltaic sources, the closer the installation position is to the end of the line, and the stronger the regulation effect on the feeder voltage. Photovoltaic integration has changed the original power flow of the distribution network and increased the risk of node voltage exceeding the limit.
4.3 Reactive power optimization model for distribution network
The mathematical model of the reactive power optimization including photovoltaic power and SVG considering local control is expressed as follows.
A. The Objective Function
In this paper, the objective function of reactive power optimization is expressed as Equations 19–21.
[image: image]
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Pl,total is the total active power loss; Vl,total is the accumulated voltage deviation; [image: image], [image: image] is weight coefficient; Vi, Vj are the voltage of nodes i and j; Gij, θij are the conductivity and phase angle between nodes i and j; [image: image] is the expected value of node voltage; Vi,max, Vi,min are the constraints of the node voltage.
B. The Equality Constraint of Power Flow
The power flow constraint condition is the power constraint balance equation for each node in the distribution network with photovoltaic power sources, which can be expressed as Equation 22.
[image: image]
PGi, QGi refer to the active and reactive power injected by node i. PDi, QDi refer to the active and reactive power of the load at node i; QCi represents the reactive power of compensation device for node i; N is the total number of distribution network nodes.
C. Node voltage constraint
[image: image]
In Equation 23, Vi,max, Vi,min are the upper and lower limits of the node voltage.
D. Reactive output constraint.
To prevent reactive power backflow caused by excessive reactive power compensation capacity, it is necessary to constrain the reactive power compensation capacity which can be expressed as Equation 24.
[image: image]
QCi,max, QCi,min refer to the upper and lower limits of reactive power compensation capacity.
4.4 Proposed particle swarm optimization algorithm
The particle swarm optimizer (PSO) is a stochastic, population-based optimization technique that can be applied to a wide range of problems, including reactive power optimization. (Xiaofang et al., 2020). Reactive power optimization is a complex nonlinear optimization problem, which holds a large number of local minimum, multi discontinuous variables and constraints. On the premise of meeting all constraints, the reactive power optimization improves the quality of voltage, reduces the network loss of system operation and ensures stability of the system voltage, which are got by the existing optimization method to adjust controlled variables reasonable and utilize grid equipment resources. (Kennedy and Eberhart, 1995).
The speed and accuracy of particle iteration updates are directly affected by inertia weight factor and learning factor. Considering that standard particle swarm optimization algorithms cannot balance optimization speed and accuracy, it is necessary to improve the inertia weight coefficients and learning factors. Generally speaking, in the initial stage of algorithm iteration, it should meet the requirements of global search, and in the middle and later stages, it should meet the requirements of local optimization until it converges to the global optimal solution. The biggest problem with PSO is getting stuck in local optima. Therefore, improved PSO enhances the quality of the initialized population, and improving the search efficiency to enable the algorithm to escape local optima and seek global optimum solutions more effectively.
The probability density function of the standard normal distribution has good properties and can be used to improve the inertia factor and learning factor. The probability density function of the standard normal distribution can be expressed as Equation 25.
[image: image]
Based on the characteristics of the density function of a normal distribution, the probability of the numerical distribution in (u-3σ, u-3σ) is 0.9973. It can be considered that the values of x are almost entirely concentrated in (u-3σ, u-3σ). Therefore, the maximum number of iterations is applied to a normal distribution, which can be expressed as Equation 26.
[image: image]
According to a large number of experimental conclusions, the optimization effect of the algorithm is the best when w varies between 0.4 and 0.9. In addition, considering the possibility of the algorithm falling into local optima in the later stage, a random number part can be added to the formula, and the numerical characteristics of trigonometric functions can be used to limit the value of the random number to prevent the algorithm from converging. In summary, the improved inertia coefficient w can be expressed as Equation 27.
[image: image]
where, k is the number of iterations, kmax is the maximum number of iterations, and r is a random number in the range of [0,1].
The learning factor represents the self-learning and collective learning abilities of particles in the population. The learning factors c1 and c2 generally take values of 2. In order to ensure the efficiency of the algorithm, the learning factor can be obtained through Equation 28.
[image: image]
The range of values for learning factors c1 and c2 is [1,2], which is beneficial for global particle traversal in the early stage and convergence of the algorithm in the later stage.
Using the improved particle swarm optimization algorithm to solve the optimization model, the flowchart is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Particle swarm optimization algorithm flowchart.
5 SIMULATION RESULTS
In order to verify the effectiveness of the theoretical analysis and design mentioned above, a simulation model was built in the Matlab/Simulink environment for verification. First is the verification of local control. Figure 9 is structure of photovoltaic grid connected system, which includes DC side PV system, SVG, line impedance and grid. SVG is connected to the PCC. Figure 10 is control structure of SVG. It can be seen that the d-axis current reference is generated by DC voltage loop, and the q-axis current reference is generated by the variable droop coefficient control mentioned above. Under local control, SVG detects the voltage at the PCC to determine if the voltage is beyond the limit. When the voltage exceeds the limit, SVG adopts the reactive voltage droop control to output the corresponding reactive power and adjust voltage at the PCC. Set the upper and lower limits of voltage at 390 V and 375 V respectively, which satisfies the grid connection standards. The line impedance contains the resistive and inductive, and the voltage beyond limits occurs as the photovoltaic output active power increases. Add the control strategy of SVG mentioned above at 1 s, and the d-axis voltage reference value of SVG is set to 311 V, which corresponds to the rated voltage of 380 V. The simulation results are shown in the following figures. Figures 11, 12 show the waveform of the PCC voltage exceeding the upper and lower limits under the local control. It can be seen that the SVG adjusts the PCC voltage to set value at approximately 1.05 s. Figure 13 shows the line voltage at PCC, it can be seen that the addition of the above control enables SVG to quickly adjust the PCC voltage to 380 V.
[image: Figure 9]FIGURE 9 | System structure.
[image: Figure 10]FIGURE 10 | SVG control structure.
[image: Figure 11]FIGURE 11 | Voltage waveform exceeding the lower limit.
[image: Figure 12]FIGURE 12 | Voltage waveform exceeding the upper limit.
[image: Figure 13]FIGURE 13 | PCC voltage adjustment process for local control.
The next is verification of the reactive power optimization method based on improved particle swarm optimization. Taking a 33 node distribution network as an example, the photovoltaic system is connected to the 15th node. Through sensitivity analysis, SVG access points are selected as the 18th node and 33rd node. The simulation results for voltage deviation and power loss in the distribution network are shown as follows. The comparison of node voltages before and after optimization is shown in Figure 14. It can be seen that the average voltage of distribution network nodes is significantly improved and the voltage deviation is reduced after reactive power compensation. The comparison of network power loss before and after optimization is shown in Figure 15. It can be seen that the power loss of each node in the system has been reduced after optimization.
[image: Figure 14]FIGURE 14 | Node voltage variation diagram.
[image: Figure 15]FIGURE 15 | Network loss variation diagram.
6 CONCLUSION
This paper mainly conducts research from two aspects. First is the problem of exceeding the voltage limits of photovoltaic grid connection points under resistive and inductive lines. It is revealed that when the line is pure inductive, the voltage gradually decreases with the increase of the output active power, the problem of voltage beyond the lower limit caused by insufficient reactive power may occur. When the line is pure resistance, the voltage gradually increases with the increase of output active power, the voltage will exceed the upper limit problem; When the line is resistance-inductance, with the increase of the output active power, the PCC voltage increases first, and then decreases, finally reaches the critical stable point, in which case the voltage beyond the upper and lower limits may occur. In order to ensure the voltage stability of photovoltaic station area, a variable droop control method for SVG is proposed. The effectiveness of this method in regulating the voltage of photovoltaic grid connection points is verified through simulation.
Next is voltage deviation and network loss issues caused by photovoltaic integration into the distribution network. Photovoltaic integration has changed the power flow distribution of the distribution network, making voltage deviation related to photovoltaic injection power. When the output active power of photovoltaic source is large, it is not only possible to cause the voltage of photovoltaic grid connection to exceed the limits, but also increase the voltage deviation. At the same time, the active power loss of the distribution network also increases. To address these issues, this paper establishes a mathematical model for reactive power optimization with the objectives of minimizing active power loss and node voltage deviation in the distribution network. On this basis, an improved particle swarm optimization algorithm is proposed to optimize the scheduling of reactive power in distribution network. The validation is conducted using a 33 nodes distribution network as an example. The results show that the reactive power optimization method based on IPSO algorithm can effectively reduce voltage deviation and network loss, and improve voltage stability.
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