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Abstract

:

Recently, because of the increase in the number of connections to Distributed Generation (DG), the problem of lowering voltage stability in the distribution system has become an issue. Reactive power compensators, such as Static Synchronous Compensators (STATCOM), may be used to solve the problem of voltage stability degradation. However, because of the complexity of the distribution system, it is very difficult to select the installation location for STATCOM. Furthermore, when installed in the wrong location, economical efficiency and availability problems may occur. This paper proposes a Virtual STATCOM Configuration and Control method that would operate like a single STATCOM based on multiple DGs connected to the system. The proposed Virtual STATCOM has the merit of being economical by using existing facilities without adding new power facilities, and it solves the problem of the difficulty of selecting the installation location because of the complexity of the distribution system. In addition, while the conventional STATCOM uses an independent control method in consideration of the power quality of the access point, the Virtual STATCOM performs the Point of Common Coupling (PCC) power quality compensation using the integrated control of multiple DGs connected to the system. In the proposed method, the Virtual STATCOM integrated control algorithm is configured by adopting linear programming, and the compensation is performed while considering the distance between DG and PCC, the inverter’s rated capacity, and the power generation. The performance of the Virtual STATCOM power quality compensation was verified using MATLAB/SIMULINK and Real Time Simulator (OPAL-RT).
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1. Introduction


In the existing power system, electricity generated from large-scale power sources such as nuclear power generation and thermal power generation is supplied to loads tens or hundreds of kilometers away through long-distance high-voltage transmission lines. For about 50 to 60 years, this has been operating well without changing the configuration of the power system, providing inexpensive and stable electric power to industrial, commercial, and residential loads. However, existing large-scale power generation sources emit a lot of carbon, causing problems such as global warming. To solve these problems, the configuration of the power system is changing for de-carbonization worldwide [1]. As small-scale DGs such as wind power and solar power are rapidly increasing on the distribution system level, the configuration of the distribution system is changing to become very different from the existing ones [2,3,4,5]. However, there may be problems in that the power supply is not constant because of the increase in the connection of intermittent power sources to the distribution system, and the degradation of voltage stability caused by the Ferranti Effect occurs as the voltage of the distribution system increases [6].



Many studies have been conducted on the Flexible AC Transmission System (FACTS) to solve the following problems [7]. STATCOM, as one kind of FACTS, is a facility that is connected to the power system in parallel to compensate for the power quality of the connected point. STATCOM is mainly installed in transmission systems and substations with large capacities to compensate for the power quality using the reactive power compensation for the power system [8,9,10,11]. Depending on the STATCOM installation location, the power quality compensation performance has large deviations. When the optimal installation location is selected, the active power loss may be minimized, and the voltage stability of the power system may be improved [12,13]. The DG inverter is composed of a smart inverter, so it is possible to control active and reactive power. This means that the DG connected to the system can be controlled in an integrated way [14,15,16,17]. When a PV solar farm is used as a STATCOM, it has been proven to increase the grid interconnection of the wind power plants connected to the surrounding area and to improve the power transmission capacity [18,19,20]. Power oscillation damping (POD) can be performed using a PV power plant as a STATCOM. As soon as power oscillations caused by a system disturbance are detected, the solar farm discontinues its real power generation function very briefly and makes its entire inverter capacity available to operate as a STATCOM for POD [20,21,22,23,24].



STATCOM installed in the transmission system cannot compensate for the power quality considering the distribution system. When installing STATCOM to compensate for the power quality of the distribution system, it is difficult to select the installation location because of the complexity of the distribution system. Furthermore, when installing a large number of STATCOMs, the investment cost is high, resulting in economic degradation. The installation location can be selected using an optimization algorithm [25]. However, as the number of DGs increases, the complexity of the distribution system increases and the optimal installation location may be changed. To solve the above-mentioned problems, this paper proposes a solution to the problem of selecting the optimal installation location by configuring a Virtual STATCOM that operates like a single STATCOM based on DGs.




2. Overview of STATCOM Power Quality Compensation


The active power of the power system affects frequency fluctuations, and the reactive power affects the voltage fluctuations [26]. To improve the power quality, voltage, frequency, and waveform should be kept constant. It is very important to keep the voltage constant. When the supply and demand balance of reactive power is not achieved, voltage fluctuations occur. A generator is used to supply the active power to the power system. However, facilities such as a synchronous generator, a passive filter, and an active filter may be used to supply the reactive power.



The frequency and voltage of the power system are kept constant using the active power—frequency    (  P − f  ( δ )   )    control by the generator and the reactive power—voltage    (  Q − V  )    control by the reactive power compensator. When the load voltage    V L    and the line reactance component  X  are constant, the voltage fluctuation   ∆ V   has a proportional relationship with the reactive power  Q  [27]. Where    V s    = source voltage:


  ∆ V =  V s  −  V L  =   Q X    V L       (  R ≪ X  )   



(1)







Equation (1) shows the relationship between the voltage fluctuation   ∆ V   and the reactive power  Q . It is found that the voltage fluctuation can be controlled by controlling the reactive power from STATCOM.



Principle of STATCOM Voltage Stability Improvement


Figure 1 is an equivalent circuit diagram of a system in which STATCOM is installed to explain the principle of voltage stability improvement.    V S    is the equivalent of the bus voltage,    Y L    is the equivalent of the admittance, and    Z S    is the equivalent of the line impedance generated between the bus voltage    V S    and the load. STATCOM is connected to the grid in parallel to improve the voltage stability by the amount of the reactive power compensated for when the load-end voltage stability is improved. The voltage drop between the load terminal and the bus voltage is caused by the line impedance    Z S   . When the voltage drops because of load admittance    Y L    and the line impedance    Z S    is   ∆ V  , it can be expressed by the following equation [28]:


  ∆ V =  V S  −  V L  =  Z S   I L   



(2)






   ∆ V =  (   R S  + j  X S   )     (   P L  − j  Q L   )     V L       =   (  R S   P L  +  X S   Q L  )    V L    + j    (   X S   P L  −  R S   Q L   )     V L       = ∆  V R  + ∆  V X  =  I S   R S  + j  I S   X S    



(3)







Figure 2 is a vector diagram of voltage drop   ∆ V   caused by the line impedance    Z S   . Depending on the power system situation, STATCOM operates in the form of supplying reactive power (Capacitive Reactive Power) or absorbing the reactive power (Inductive Reactive Power), or in the form of supplying the active power or absorbing the active power. When a voltage drop occurs at the receiving end because of the inductance of the line impedance    Z S   , the reactive power compensation current    I  s h     is supplied for compensating the voltage drop of the system. A voltage drop is generated by resistance component    I s   R s    and reactance component   j  I s   X s   , and before compensation the load current angle is    θ L   .    V S    and    V L    can be kept the same through    I  s h     current compensation, and the load current angle is compensated to    θ S   . The reactive power compensation current    I  s h     can be expressed as Equation (4) [29]:


   I S  =  I L  +  I  s h    



(4)







When the loads is an inductive load, STATCOM can make a capacitive current and scale it to change the phase angle of    I S   . By adjusting   ∆ V   according to the compensation current of STATCOM, the voltage of the load stage and the magnitude of the bus voltage can be kept constant.





3. Proposed Virtual STATCOM System


DGs, such as solar power and wind power ESS, are connected to the power system via inverters, and a number of inverters connected to the DG are capable of outputting active power and reactive power. However, distributed power sources currently connected to the grid operate as the power sources and supply only active power. The reactive power generated in the power system is not compensated for. Since each inverter is individually and independently controlled, it is difficult to effectively compensate for the reactive power of the power system. The proposed Virtual STATCOM system can effectively control the reactive power of the power system with an integrated control rather than the independent control of multiple inverters of distributed power sources connected to the power system. Since no new facilities are installed for compensating for the reactive power, the installation cost can be economically feasible. Furthermore, compensating for the reactive power of the PCC stage to 0 can be expected to improve voltage stability, to remove harmonics, to increase transmission capacity, and to enhance the lifespan of facilities. Figure 3 shows the configuration schematic of Virtual STATCOM.



3.1. Configuration of Virtual STATCOM


In general, STATCOM is a facility that improves the stability of the power system by controlling the reactive power of the connection point. When multiple DG inverters connected to the system independently compensate for reactive power at the connection point, like in the case of a general STATCOM, the system stability may deteriorate because of the hunting that occurs during the control operation. The purpose of this paper is to compensate for or control the reactive power at a designated location in the system by controlling the inverters of DGs connected to multiple connection points. That is, it is expected that the proposed Virtual STATCOM can improve the stability of the entire power system by controlling reactive power at a desired point, such as a weak or important location of the connection or distribution end of the transmission and distribution system, like the PCC of the power system. In this paper, PCC was designated as the control reference point that is the connection point of transmission and distribution, and the Virtual STATCOM integrated control algorithm was configured by the linear programming. To improve the voltage stability of the PCC, the reactive power of the PCC should be controlled to 0. The reactive power of the PCC stage is divided into a component generated by the line impedance and a component generated by the load. To compensate for the reactive power of the PCC stage to 0, it is necessary to compensate for the reactive power while considering both causes of the reactive power.



Figure 4 shows the configuration of the Virtual STATCOM system. Three solar power plants are connected between the voltage source and load. It is assumed that each solar power plant has a different distance from the bus of the PCC stage, and the amounts of connected load, solar power plant capacities, and power generation amounts are different from each other. The inverter of the solar power plant can output the active power and the reactive power as much as the rated capacity S. When there is room in the inverter output rated capacity after supplying the active power P generated by the PV panel to the grid, the reactive power can be supplied. The inverter rated capacity S of a solar power plant can be expressed as Equation (5):


   S  i n v _ n   =    P  i n v _ n  2  +  Q  i n v _ n  2       



(5)







The Virtual STATCOM integrated control algorithm selects the inverter closest to the PCC to give it priority, and when the amount of the reactive power that can be output is insufficient, the compensation will be performed from the inverter as the next priority.



Figure 5 shows the configuration of the integrated control algorithm of Virtual STATCOM. By combining Solar Station, PMU, and Distance Information, the Virtual STATCOM Control algorithm is configured based on LP, and the control reference of the inverter is derived. A plurality of inverters improves the voltage stability by the reactive power compensation of the PCC stage.




3.2. Scheme of Virtual STATCOM Control


To configure the integrated control algorithm of Virtual STATCOM based on LP, the decision variables, the objective functions, and the constraints must be selected according to the control purpose [30].



3.2.1. Decision Variable


The decision variable is for setting the variable that is the control criterion of the LP. Since the purpose of the Virtual STATCOM is to output the inverter reactive power compensation reference, the inverter reactive power output amount was selected as a decision variable.


Decision Variable = Qinv: Inverter Reactive Power Output












3.2.2. Objective Function


The objective function is for setting the goal of the decision variable. As the distance from the PCC terminal increases, the loss caused by the line impedance increases, so it is designated as the goal to use an inverter with a shorter distance. To select a minimum distance, a point where the product of the decision variable and the weight    w n    is minimized is set as the optimal point.


  Objective   Function = min  (   w 1  ∗  Q  i n v 1   +  w 2  ∗  Q  i n v 2   + ⋯ +  w n  ∗  Q  i n  v n     )   








where,    w n     refers to the distance weight of inverter, and    l n    refers to the line distance of inverter from the PCC end point.    w n     is decided by the following equation as a consideration of the distance between the inverter and the PCC end point.


   w n  =    l n     l 1  +  l 2  +  l 3  + ⋯ +  l n     



(6)








3.2.3. Constraints


The constraints determine the minimum compensation value and the maximum compensation value for the decision variable of the inverter to determine the reactive power that is to be compensated for by the inverter. The constrains for the minimum and maximum amounts of the inverter reactive power output can be expressed as Equation (7):


   Q  i n v _ n _ m i n   ≤  Q  i n v _ n   ≤  Q  i n v _ n _ m a x    



(7)




where    Q  i n v _ n _ m i n     = Minimum of Inverter Reactive Power Compensation (var), and    Q  i n v _ n _ m a x     = Maximum of Inverter Reactive Power Compensation (var).



When the output of the inverter is maximized, the life of the inverter rapidly decreases, so the maximum output of the inverter is limited to 80%. To determine the amount of the reactive power compensation of the inverter, the minimum and maximum amounts of reactive power compensation of the inverter should be set as the constraints. Constraints are determined in consideration of the effective load amount of the inverter terminal, the reactive load amount of the inverter terminal, the rated capacity, the inverter active power generation amount, and the inverter generation rated limit.



   Q  i n v _ n _ m a x     means the maximum reactive power compensation amount that can be compensated for by the inverter. The maximum amount of inverter reactive power compensation is determined by considering the rated capacity of the inverter, the amount of active power currently being generated by the inverter, and the inverter power generation rating limit.


   (   S  i n  v n    ∗ 0.8  )  =    P  i n v _ n  2  +  Q  i n  v n   2     



(8)






   Q  i n v _ n _ m a x   =      (   S  i n  v n    ∗ 0.8  )   2  −  P  i n  v n   2     



(9)




where    Q  i n v _ n _ m i n     means the minimum reactive power compensation amount that can be compensated by the inverter. The reactive power can be expressed in negative or positive number according to inductivity and capacity, so the negative number of the maximum amount of compensable reactive power is determined as the minimum compensable amount of the inverter.


   Q  i n v _ n _ m i n   = −  Q  i n v _ n _ m a x    



(10)







Considering the reactive power    Q  P C C     generated in the PCC stage, the reference value of the reactive power compensation for each inverter is calculated. The reactive power of PCC stage consists of the reactive power    Q  L i n e     generated by line impedance and the reactive power    Q  L o a d     generated by load. When the total amount of reactive power generated in the PCC stage is equal to the total amount of reactive power compensated for by the inverter, the reactive power in the PCC stage is compensated to 0.


   Q  P C C   =  Q  L i n e   +  Q  L o a d    



(11)






   Q  P C C   −  (   Q  i n v 1   +  Q  i n v 2   +  Q  i n v 3   + ⋯ +  Q  i n  v n     )  = 0  



(12)







Table 1 shows the parameters for configuring the Virtual STATCOM system.



Figure 6 shows the Virtual STATCOM Integrated Control Algorithm Diagram. The compensation algorithm is configured through five steps. Step 1 measures the parameter values required for Virtual STATCOM configuration. Step 2 determines the reactive power compensation’s possible range based on the measured parameter value. Step 3 determines the optimal reference    Q  L P     for reactive power compensation using LP. Step 4 performs reactive power compensation through an inverter and measures the reactive power of PCC. If the reactive power of PCC converges to 0, proceed to Step 5. If it does not converge, return to Step 1 and perform the algorithm again. Step 5 is the step of storing the reactive power compensation value determined by Steps 1–4. Equation (13) shows the reactive power compensation value of the algorithm diagram, where    Q  P C C _ n _ p r e     is the stored PCC reactive power value of Step 5.


   Q  P C C   =  Q  P C C _ n _ p r e   + ∆  Q  P C C    



(13)







If the reactive power compensation value is not saved and the algorithm is executed, only the value of   ∆  Q  P C C     is compensated for when a load change occurs, and PCC reactive power is generated to as much as the    Q  P C C _ n _ p r e     value.






4. Virtual STATCOM Simulation


To verify the Virtual STATCOM’s performance, simulation was conducted using Matlab Simulink and the Real Time Simulator (OPAL-RT) OP5700.



The Real Time Simulator is a simulation technology that proceeds by setting the simulation time to be same as the real time. By running the simulation under the same conditions as in reality, problems that do not appear in the off-line simulation can be derived, and the reliability of the simulation can be improved. By establishing a virtual controller and a virtual plant in the target PC, a Model In the Loop Simulation (MILS) was performed. The plant of the simulation model was designated as Master, and the controller was designated as Slave, and tow cores were used. The result data of the simulation were output via the target PC. Figure 7 shows the Simulation Model of Virtual STATCOM.



The system model used in the simulation was that of Anseong, in South Korea. The distributed resources connected to the Anseong area, and the system diagram of the entire systems was made equivalent by integrating the system load into sections as shown in Figure 8. Table 2 shows the DG inverter and load data of the Anseong area system.



For the simulation system model, the simulation was performed with equivalence to a system including one voltage power source, 11 DGs, and 11 loads. The power source output AC of 22.9kV, 60Hz via the Three Phase Source. The load was simulated by dividing the section of the system using the three-phase parallel RLC load and making the load within the section equivalent to one load. The load between PCC and DG1 was set as   L o a  d 1   , and the subsequent loads were designated as   L o a  d n    by grouping the loads between DGs. All loads used in the simulation were divided into 11 sections. To perform compensation considering the distance between the PCC terminal and the DGs, the line impedance according to the distance was made equivalent using the PI Section Line.



For the simulation sample time, the simulation was conducted by dividing it into three categories: the power system, the inverter controller, and the algorithm according to the purpose. The sample time of the power system was set to 50 ( μ s) for simulating the instantaneous system change situation, and the sample time for the inverter controller was set to 100 ( μ s). The Virtual STATCOM integrated control algorithm sample time was set to 0.1 (s) in consideration of the data measurement period of the PMU.



Table 3 shows the Virtual STATCOM simulation scenario. This table indicates whether the Virtual STATCOM Control Algorithm operates according to the simulation time, and also indicates the load change time. The data for the load change are shown in Table 4. For the simulation time of 0~1 (s), a situation, in which the Virtual STATCOM Control Algorithm does not operate and the load fluctuation does not occur, is simulated.



For the simulation time of 1 (s), the load variation situation was simulated.   L o a  d 1    generated a variation of +0.7 (Mvar) in 1 (s),   L o a  d 3    generated +0.3 (Mvar),   L o a  d 4    generated −0.25 (Mvar),   L o a  d 5    generated +1.1 (Mvar),   L o a  d 8    generated +2.1 (Mvar),   L o a  d 9    generated +0.2 (Mvar), and   L o a  d  10     generated the variation of −0.15 (Mvar), so the reactive power of PCC generated the variation of +4 (Mvar). At the simulation time of 2 (s),   L o a  d 1    had the variation of −0.4 (Mvar),   L o a  d 2    had −0.2 (Mvar),   L o a  d 3    had +0.5 (Mvar),   L o a  d 4    had −0.3 (Mvar),   L o a  d 5    had −0.5 (Mvar),   L o a  d 6    had +1 (Mvar),   L o a  d 7    had +0.2 (Mvar),   L o a  d 8    had −2 (Mvar), and   L o a  d  10     had the variation of −0.3 (Mvar), so the reactive power of PCC having the variation of −2 (Mvar) was simulated.



Figure 9 shows the simulation results, assuming that power quality compensation using the Virtual STATCOM control algorithm is not conducted. During the simulation run time of 0~1 (s), the distributed power supply was connected to the system and the steady state operation was in progress. The voltage of PCC has a voltage drop of 22.87 kV caused by the inductance L and resistance R. In PCC reactive power, the ground reactive power of 5.8 (Mvar) is generated by line impedance components and non-linear loads. In 1~2 (s), it is found that the reactive power of +4 (Mvar) is increased by the load variation, and the voltage of PCC is 22.85 kV, so that the voltage drop is increased. In 2~3 (s), the occurrence of voltage transients and reactive power of −2 (Mvar) were reduced because of the increase of the capacitive load, and reactive power of 7.8 (Mvar) is generated at the PCC point, and a voltage drop of 22.86 kV occurs.



Figure 10 shows the power quality compensation simulation results using the Virtual STATCOM control algorithm. Virtual STATCOM was configured using inverters of multiple DGs connected to the system, and the optimum compensation command value of inverters was controlled using LP. Each inverter was controlled for the purpose of improving voltage stability by compensating for the reactive power of PCC to 0. Figure 10a,b show the PCC voltage and reactive power, and Figure 10c shows the amount of reactive power compensation of Virtual STATCOM inverters.



As the simulation time of 0~0.5 (s) is the status in which the Virtual STATCOM algorithm is not applied, the power quality is not compensated for, so the reactive power of the PCC stage is about 5.8 (Mvar). Furthermore, the voltage at the PCC terminal is 2.287 kV due to the line and load impedance components, and a voltage drop has occurs. It was found that when the Virtual STATCOM control algorithm operated at 0.5 (s), the reactive power of PCC stage converged to 0 by the reactive power compensation, and the voltage of the PCC stage was compensated to 22.9 kV. At 1 (s), as the reactive power of PCC increased with +4 (Mvar) by Load Variation, a voltage drop of 22.88 kV occurred, but the reactive power and the voltage of the PCC were compensated for to the reference values by the Virtual STATCOM integrated algorithm. For 1~2 (s), there was no change. At 2 (s), Load Variation occurred, and the capacitance reactive power of −2 (Mvar) occurred in PCC, so the voltage rose to 22.93 kV. However, it was found that the reactive power of the PCC stage was compensated to 0 and the voltage was sustained to 22.9 kV by the integrated control algorithm.



Figure 11 shows the amount of reactive power compensation of Virtual STATCOM inverters 1–11. To control the reactive power of the PCC to 0 using the inverter integrated control, the reactive power compensation amount of the inverters was determined in consideration of the available reactive power amount of the inverter and the distance between the PCC and the inverter. Since inverters have different distances from the PCC, the loss caused by the line impedance may increase when the long-distance inverter compensates for a large amount. Therefore, compensation was carried out by selecting an inverter that is relatively close to the PCC as the compensation priority. In addition, the rated capacity is different for each connected inverter, and the amount of the reactive power that can be output is different because the amount of power currently being output is different. Therefore, by considering the rating and remaining capacity of each inverter, the optimum compensation command is generated with priority according to the maximum amount of reactive power and distance.



In the time of 0~0.5 (s), the Virtual STATCOM control algorithm does not operate, so the Virtual STATCOM inverters are not outputting the reactive power. The control algorithm operates at 0.5 (s), and the reactive power compensation is carried out in consideration of the distance of the inverter to the maximum reactive power output. The reactive power compensation is carried out by dividing reactive power 5.8 (Mvar) generated in PCC by inverters 1, 2, 7, 8, 9, and 10. Inverter 1 compensated 0.4 (Mvar) reactive power, Inverter 2 compensated 1.35 (Mvar), Inverter 7 compensated 0.9 (Mvar), Inverter 8 compensated 0.45 (Mvar), Inverter 9 compensated 1.4 (Mvar), and Inverter 10 compensated 1.2 (Mvar). In Load Variation 1 (s), inverters 1, 2, 3, 7, 8, 9, 10 and 11 divided PCC reactive power of 9.8 (Mvar), so Inverter 1 compensated 0.4 (Mvar), Inverter 2 compensated 1.35 (Mvar), Inverter 3 compensated 2.5 (Mvar), Inverter 7 compensated 0.9 (Mvar), Inverter 8 compensated 0.45 (Mvar), Inverter 9 compensated 1.4 (Mvar), Inverter 10 compensated 1.8 (Mvar), and Inverter 11 compensated 1 (Mvar). In the case of a load variation of 2 (s), inverters 1, 2, 3, 7, 8, 9 and 10 divided PCC reactive power of 7.8 (Mvar), so Inverter 1 compensated 0.4 (Mvar), Inverter 2 compensated 1.35 (Mvar), Inverter 3 compensated 1.5 (Mvar), Inverter 7 compensated 0.9 (Mvar), Inverter 8 compensated 0.45 (Mvar), Inverter 9 compensated 1.4 (Mvar), and Inverter 10 compensated 1.8 (Mvar).




5. Conclusions


This paper proposed a Virtual STATCOM Configuration and Control method that operates like a single STATCOM based on multiple DGs connected to the system. The conventional STATCOM has the following demerits: as it is installed in the power transmission/transformation system, it is hard to operate while considering the power quality of the distribution system; when installing STATCOM in the distribution system, it is hard to select the installation location because of the complexity of the distribution system; and when proper positioning is not considered, the economic feasibility of STATCOM will be reduced. The Virtual STATCOM solves the problem of installation location selection with the configuration that includes a DG inverter connecting to the grid system, and enhances the economic feasibility by using the equipment connected to the existing system.



Virtual STATCOM is controlled using the operating principle of the existing STATCOM. It improves voltage stability through reactive power compensation. Multiple DGs connected to the grid were integrated and controlled through an LP-based algorithm. As a result of the simulation, we confirmed that the voltage drop occurred because of the line impedance and load impedance components before compensation through the Virtual STATCOM integrated control algorithm. As a result of the compensation using the Virtual STATCOM algorithm, we confirmed that the voltage stability was improved through the reactive power compensation of the PCC. To verify the performance, a simulation was conducted based on a real-time simulator. The off-line simulation results and the real-time simulation results are the same, so we verified that there is no problem in an environment similar to the real one.
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Figure 1. Principle of STATCOM voltage stability improvement. 
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Figure 2. Vector Diagram of STATCOM Power Quality Compensation. 
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Figure 3. Virtual STATCOM configuration schematic. 
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Figure 4. Configuration Scheme of the Virtual STATCOM System. 
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Figure 5. Configuration of Virtual STATCOM Integrated Control Algorithm. 
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Figure 6. Virtual STATCOM Integrated Control Algorithm Diagram. 
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Figure 7. Virtual STATCOM Simulation Model. 
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Figure 8. Virtual STATCOM Simulation Grid Diagram. 
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Figure 9. PCC Variation according to the Load Variation of Virtual STATCOM (Before Compensation by Algorithm) (a) PCC Voltage, (b) PCC Reactive Power. 
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Figure 10. Virtual STATCOM Power Quality Compensation (a) PCC Voltage, (b) PCC Reactive Power, (c) Compensation Amount for Inverter Reactive Power. 
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Figure 11. 11 Reactive Power Compensation Amount of Virtual STATCOM Inverter 1: (a) Inverter 1, (b) Inverter 2, (c) Inverter 3, (d) Inverter 4, (e) Inverter 5, (f) Inverter 6, (g) Inverter 7, (h) Inverter 8, (i) Inverter 9, (j) Inverter 10, (k) Inverter 11. 
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Table 1. Virtual STATCOM System Parameters.
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	Parameters
	    i n v _ n    





	Load Active Power (W)
	    P  L _ n     



	Load Reactive Power (var)
	    Q  L _ n     



	Inverter Rated Capacity (VA)
	    S  i n v _ n     



	Inverter Active Power Output (W)
	    P  i n v _ n     



	Inverter Output Rating Limit (%)
	80%



	Inverter Compensation min (var)
	    Q  i n v _ m i n   = −  Q  i n v _ m a x     



	Inverter Compensation max (var)
	    Q  i n v _ m a x   =      (   S  i n  v n    ∗ 0.8  )   2  −  P  i n v _ n  2      



	PCC Distance (km)
	    l n    
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Table 2. Virtual STATCOM Simulation Model Parameters.
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	Inverter Rating

(MVA)
	Distance

(km)
	
	Load Active Power

(MW)
	Load Reactive Power

(Mvar)





	   i n v e r t e  r 1    
	0.5
	2
	   L o a  d 1    
	0.988
	0.33



	   i n v e r t e  r 2    
	1.5
	6
	   L o a  d 2    
	1.25
	0.541



	   i n v e r t e  r 3    
	3
	9
	   L o a  d 3    
	1.75
	0.707



	   i n v e r t e  r 4    
	1
	17
	   L o a  d 4    
	3.12
	1.3



	   i n v e r t e  r 5    
	5
	18
	   L o a  d 5    
	0.294
	0.104



	   i n v e r t e  r 6    
	3
	18
	   L o a  d 6    
	0.159
	76.5



	   i n v e r t e  r 7    
	1
	2
	   L o a  d 7    
	0.178
	74.2



	   i n v e r t e  r 8    
	0.5
	4
	   L o a  d 8    
	1.68
	0.743



	   i n v e r t e  r 9    
	1.5
	5
	   L o a  d 9    
	3.32
	1.32



	   i n v e r t e  r  10     
	2
	7
	   L o a  d  10     
	1.48
	0.588



	   i n v e r t e  r  11     
	2
	10
	   L o a  d  11     
	0.211
	88.6
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Table 3. Virtual STATCOM Simulation Scenario.
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	Simulation Time

(s)
	Virtual STATCOM Control Algorithm
	Load Variation

(Mvar)





	0~0.5
	Off
	0



	0.5~1
	On
	0



	1~2
	On
	+4



	2~3
	On
	−2
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Table 4. Virtual STATCOM Simulation Model Parameters (Load Variation).
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	0~1 (s) Load

Reactive Power

(Mvar)
	1 (s) Load Variation

(Mvar)
	1~2 (s) Load Reactive Power

(Mvar)
	2 (s) Load Variation

(Mvar)
	2~3 (s) Load

Reactive Power

(Mvar)





	   L o a  d 1    
	0.33
	+0.7
	1.03
	−0.4
	0.63



	   L o a  d 2    
	0.541
	0
	0.541
	−0.2
	0.341



	   L o a  d 3    
	0.707
	+0.3
	1.007
	+0.5
	1.507



	   L o a  d 4    
	1.3
	−0.25
	1.05
	−0.3
	0.75



	   L o a  d 5    
	0.104
	+1.1
	1.204
	−0.5
	0.704



	   L o a  d 6    
	0.0765
	0
	0.0765
	+1
	1.076



	   L o a  d 7    
	0.0742
	0
	0.0742
	+0.2
	0.274



	   L o a  d 8    
	0.743
	+2.1
	2.843
	−2
	0.843



	   L o a  d 9    
	1.32
	+0.2
	1.52
	0
	1.52



	   L o a  d  10     
	0.588
	−0.15
	0.438
	−0.3
	0.138



	   L o a  d  11     
	0.0886
	0
	0.0886
	0
	0.0886
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