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Abstract

:

For the efficient power allocation of the distribution line, several studies on intelligent distribution management systems that enable connection or separation between distribution networks are being conducted. However, in case the systems are linked together and if the voltage and phase of each distribution network are different, uncontrolled circulating current and inrush current flow into the line. To resolve this, we introduced the active phase controller (APC) as a solution and performed an analysis using the capacity calculation method for the APC connected to each distribution network. When connecting lines between distribution networks, the phase of each contact was ensured to be the same. Specifically, the phase value compensated by each APC is different because the amounts of active power and reactive power to be controlled are also different. In this study, we analyzed the APC capacity according to the impedance state of the distribution line and calculated the APC output voltage for the phase matching of each distribution network at the connection point. As a result, the minimum design capacity of APC was derived; moreover, simulation results were used to validate the analysis.
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1. Introduction


When distributed generators are connected to distribution lines, their response to variations in the line characteristics is weak [1,2,3,4,5]. Therefore, as the number of renewable energy sources, the amount of power transmitted from the transmission network to the distribution network decreases, which further leads to the frequent occurrence of the reversed power flow phenomenon, i.e., the amount of power transmitted from the distribution network to the transmission network increases [6,7,8]. Therefore, the substation capacities of existing distribution networks are designed considering higher margins, such as an increased demand power of the line and an exceeded maximum allowable capacity, for continuous operation in various unfavorable conditions. However, designing substation capacities with higher margins generates not only a disproportionate design cost but also issues such as decreased utilization factor and degraded overall efficiency. In addition, although substation is designed considering a higher margin, the protection co-ordination problem occurs due to local line capacity violation and reversed power flow on the substation caused by the load variations [9,10,11,12,13,14]. To resolve this, passive problem-solving methods, such as securing an allowable capacity by adding substations, are proposed. Therefore, without excessive capacity expansion according to the rapidly changing load, the active-type problem-solving method through the autonomous reconfiguration of the line is reviewed. The implementation of such a method can reduce the burden on the line and increase the utilization factor through mutual coordination with a nearby distribution line with sufficient capacity.



The autonomous reconfiguration of the distribution system should be able to directly change the loop or mesh shape of the system.



In addition, the distribution network may be arbitrarily connected or separated to ensure optimum power supply to each line [15,16,17,18,19]. However, uncontrolled circulating current and inrush current are generated in the line when the voltage and phase between the lines are different from each other at the connection point (CP). If an overcurrent flows into the line in this way, the peripheral circuit breaker malfunctions, which can result in unexpected power outage. Therefore, a method for matching the voltages and phases at the connection point is necessary. In this paper, we introduced an active phase controller (APC) for the autonomous reconfiguration of lines based on the 6-switch inverter. As shown in Figure 1, the APC is connected in series behind the substation. Furthermore, it controls the phase of the connection point through generation of a voltage drop by inserting serial compensation voltage (VC) into line. Moreover, the magnitudes of the active power and reactive power output to the APC vary based on the load impedance and the adjusted phase [20,21,22,23,24,25]. Considering this, analysis was performed based on various APC installation scenarios, and the optimal connection point voltage of the APC was calculated using the formulas provided herein to enable efficient control.




2. Theoretical Analysis


Figure 2a depicts the situation before autonomic reconfiguration between the lines. Normally, load impedance#1 and load impedance#2 receive power from substation#1 and substation#2, respectively. At this time, if a problem such as increased demand power or exceeded maximum allowable capacity occurs in substation#2, the problem is alleviated through autonomic reconfiguration between the lines, as shown in Figure 2b. However, uncontrolled circulating current and inrush current are generated in the line when the voltage and phase between the lines are different at the connection point. Owing to this difference, if an overcurrent flows into the line, the peripheral circuit breaker malfunctions, which may cause an unexpected power outage. To resolve this, an APC is installed behind each substation. Specifically, the APC is installed in series with the substation (VS) to apply a serial compensation voltage to the line, and the voltage between the connection points is matched using a voltage drop. As a result, the magnitude and phase of the voltage at the connection point are equal to those of the voltage applied to the load impedance. The actual magnitude and phase of the voltage at the connection point were measured through a phasor measurement unit (PMU). In addition, the line impedance exists in series with the substation, whereas the load impedance exists in parallel. Furthermore, if line expansion and load fluctuation are neglected, each impedance and power factor could be treated as a constant.



Figure 3 is a vector diagram showing the connection status of distribution lines. It can be seen that the voltage and phase coincide in VCP. In the vector diagram, the voltage of each substation coincides with 22.9 kV, the phase of substation#1 is 0°, and the phase of substation#2 is 10°; consequently, the phase difference between the two substations is set to 10°.



At this time, the line impedance is ignored because it has a small value compared to the load impedance. In addition, the current flowing into the controller, line current, and load current is always equal owing to the characteristics of the series circuit before the switch is turned ON.



In the vector diagram, the serial compensation voltage (VC) is the difference between the connection point voltage (VCP) and the substation voltage (VS). It can be expressed as follows:


   V C  ∠  θ C  =  V  C P   ∠  θ  C P   −  V S  ∠  θ S   



(1)







Additionally,      V C   ¯    can be expressed using Euler’s formula as given in Equation (2):


     V C   ¯  =  (   V  C P   cos  θ  C P   + j  V  C P   sin  θ  C P    )  −  (   V S  cos  θ S  + j  V S  sin  θ S   )   



(2)







The magnitude and phase of the serial compensation voltage can be expressed by Equations (3) and (4), respectively:


   V C  =    V  C P  2  +  V S 2  − 2  V  C P    V S  cos  (   θ   V  C P     −  θ   V S     )     



(3)






   θ   V C    =   tan   − 1    (     V  C P   sin  θ   V  C P     −  V S  sin  θ   V S       V  C P   cos  θ   V  C P     −  V S  cos  θ   V S       )   



(4)







It can be seen in Equations (3) and (4) that the magnitude and phase of the serial compensation voltage are independent of the magnitude and power factor of the load impedance.



The magnitude and phase of the current flowing into the controller (IC) can be expressed as given below in Equations (5) and (6):


   I C  =  1   Z L       V S 2  +  V C 2  + 2  V S   V C  cos  (   θ   V S    −  θ   V C     )     



(5)






   θ   I C    =   tan   − 1    (     V S  sin  (   θ   V S    −  θ   Z L     )  −  V C  sin  (   θ   V C    −  θ   Z L     )     V S  cos  (   θ   V S    −  θ   Z L     )  −  V C  cos  (   θ   V C    −  θ   Z L     )     )   



(6)







Equation (5) shows that the current flowing into the controller varies inversely with the magnitude of the load impedance; however, it is independent of the power factor.



The phase of the current flowing into the controller, provided in Equation (6), varies inversely with the power factor of the load impedance; however, it is independent of the magnitude of the load impedance. Therefore, it can be seen that the current flowing into the controller is correlated with the load impedance.



At this time, the design capacity (Pa) of the APC is as expressed by Equation (7).


   P a   [  VA  ]  =  V C  ×  I C   



(7)







It can be seen that Pa is independent of the phase difference between the voltage and the current; therefore, it is not affected by the power factor variation in the load impedance.



The inductive load occupies a large portion of the distribution line. Considering this, this experiment primarily focused on the lagging load. Figure 4 shows the active power, reactive power, and the apparent power of the APC as the magnitude of the load impedance changes. As mentioned above, the line impedance of the distribution line is not considered. As shown in Table 1, the magnitude and power factor of load impedance#2 (ZL2) were assumed constant at 50 Ω and 0.9, respectively, whereas the power factor of load impedance#1 (ZL1) was fixed at 0.9, and its magnitude was varied for comparative analysis. The x-axis represents the voltage phase coincidence point, and the y-axis represents the output value of the active phase controller.



Figure 4a depicts the active power of the APC as the magnitude of the load impedance#1 (ZL1) decreases. From Equation (5), it can be seen that the magnitude of the current flowing into the controller increases as the magnitude of the load impedance decreases. Therefore, the active power slope of APC#1 increases.



Figure 4b depicts the reactive power of the APC as the magnitude of the load impedance#1 (ZL1) decreases. Equation (5) clarifies that the magnitude of the current flowing into the controller increases as the magnitude of the load impedance decreases. Consequently, the reactive power slope of APC#1 increases.



Figure 4c depicts the apparent power of the APC as the magnitude of the load impedance#1 (ZL1) decreases. As expressed in Equation (5), it can be seen that the magnitude of the current flowing into the controller increases as the magnitude of the load impedance decreases. Therefore, the apparent power slope of APC#1 increases.



Figure 5 depicts the active power, reactive power, and the apparent power of the APC as the magnitude of the load impedance changes. As shown in Table 2, the magnitude and power factor of load impedance#2 (ZL2) were assumed constant at 50 Ω and 0.9, respectively, whereas the magnitude of load impedance#1 (ZL1) was fixed at 50 Ω, and its power factor was varied for comparative analysis.



Figure 5a shows the active power of the APC as the power factor of the load impedance#1 (ZL1) decreases. Equation (6) clarifies that the phase of the current flowing into the controller increases as the power factor of the load impedance decreases. Therefore, decreasing phase difference between voltage and current results in an increasing active power slope of APC#1.



Figure 5b shows the reactive power of the APC as the power factor of the load impedance#1 (ZL1) decreases. As expressed in Equation (6), the phase of the current flowing into the controller increases as the power factor of the load impedance decreases. Therefore, decreasing phase difference between voltage and current results in a decreasing reactive power slope of APC#1.



Figure 5c shows the apparent power of the APC as the power factor of the load impedance#1 (ZL1) decreases. From the results of Equation (7), apparent power remains unaffected by any variation in the phase difference between voltage and current. Therefore, it is independent of the power factor.



Figure 6 shows the active power, reactive power, and apparent power of the APC against variation in magnitude and power factor of the load impedance. As shown in Table 3, the magnitude and power factor of load impedance#2 (ZL2) were assumed constant at 50 Ω and 0.9, respectively, whereas those of load impedance#1 (ZL1) were varied for comparative analysis.



Figure 6a depicts the active power of the APC as the magnitude and power factor of the load impedance#1 (ZL1) decreases. As mentioned above, the magnitude and phase of the current flowing into the controller increase inversely with the magnitude and power factor of the load impedance#1 (ZL1). Therefore, the active power slope of APC#1 increases the most steeply owing to an increase in current and a decrease in phase difference.



In Figure 6b, the reactive power of the APC is plotted against the decreasing magnitude and power factor of the load impedance#1 (ZL1). As mentioned above, the magnitude of the current flowing into the controller increases in inverse proportion to the magnitude of the load impedance#1 (ZL1). However, the phase difference due to the phased reduction of the current decreases. Therefore, it can be seen that the reactive power slope of APC#1 is maintained almost constant.



In Figure 6c, the apparent power of the APC is plotted against decreasing magnitude and power factor of the load impedance#1 (ZL1). As mentioned above, apparent power is not affected by the phase difference between voltage and current; therefore, the result is similar to that observed in Figure 4c.



Figure 7 shows the outputs of APC#1 and APC#2 based on the parameters applied to the simulation in Table 4. Table 5 shows the capacity of each APC according to the phase matching point. When the voltage phase between distribution lines is matched at 0°, APC#1 does not function; as a result, the output of APC#1 is 0 kVA. In this case, the voltage phase is matched by driving only the APC#2; consequently, the output of APC#2 is 1830 kVA. Moreover, the total APC synthesis capacity is approximately 1830 kVA, which is the smallest value. However, in order to operate the system efficiently, APC#2 must accommodate all the phase control burdens.



When the voltage phase between distribution lines is matched at 10°, APC#2 does not function; hence, the output of APC#2 is 0 kVA. In this case, the voltage phase is matched by driving only APC#1, and the output of APC#1 is 2282 kVA. Moreover, the total APC synthesis capacity is approximately 2282 kVA, which is the highest value.



Furthermore, if the voltage phases match at 4.42°, where the outputs of APC#1 and APC#2 are the same, the synthesis capacity is 2026 kVA and is higher than that if they match at 0°. However, the outputs of both the APCs are the same; consequently, an efficient design can be realized. Therefore, it is important to derive a voltage phase matching point at which the output is not to be concentrated on one side and can be shared uniformly. Moreover, it can be seen from Figure 7 that the output is the same at the point where the output waveforms of the APCs intersect.



As mentioned above, the line impedance of each distribution line is ignored, and all impedances in the path are replaced by a single impedance. Therefore, it can be expressed as shown in Equation (8), where the outputs of APC#1 and APC#2 are equal.


   P   a 1    =  V   C 1     I   C 1    =  V   C 2     I   C 2    =  P   a 2     



(8)







Moreover, as shown in Figure 3, each serial compensation voltage can be represented by the difference between the connection point voltage and the substation voltage. In addition, owing to the nature of the series circuit, the current flowing into the controller is the same as the line current; consequently, it is equal to the current flowing into the load impedance according to Ohm’s law.


   V C  =  V  C P   −  V S   



(9)






   I C  =    V  C P      Z L     



(10)







Using these values, Equation (8) can be modified as follows:


   (   V  C P   −  V   S 1     )  ×    V  C P      Z   L 1      =  (   V  C P   −  V   S 2     )  ×    V  C P      Z   L 2       



(11)







Furthermore, when Equation (11) is expressed as a function of VCP, the optimal connection point voltage can be expressed as follows:


   V  C P   =    Z   L 2     V   S 1    −  Z   L 1     V   S 2       Z   L 2    −  Z   L 1       



(12)







If line current detection is possible through the current sensor located at the APC output terminal, Equation (11) can be expressed as Equation (13).


   (   V  C P   −  V   S 1     )  ×  I   C 1    =  (   V  C P   −  V   S 2     )  ×  I   C 2     



(13)







Therefore, the optimal connection point voltage can be expressed as follows:


   V  C P   =    V   S 1     I   C 1    −  V   S 2     I   C 2       I   C 1    −  I   C 2       



(14)







Moreover, when the reference value calculated from Equation (12) is applied to the APC, it can be seen that the outputs of the APC coincides with each other at 4.42°.



In Figure 8, the magnitude and phase of the voltage at substation#1 are 22.9 kVA and 0°, respectively, whereas those at substation#2 are 22.9 kVA and 15°, respectively. This is the case when the phase difference between the lines is larger than that originally expected after the APC was installed, and the output of the APC is insufficient. As shown in Figure 8, the voltage phase must match the phase at the VCP, but it is impossible because the output of the APC is insufficient.



However, the standard of the 1.5–10 MVA class distribution line is within 10°. Therefore, there is no need to match the voltage phase accurately in VCP.



In Figure 9, each APC is driven at maximum operation, which not only satisfies the standard specifications but also minimizes the voltage phase difference between the lines. As shown in the figure, each line voltage was moved to VCP1 and VCP2 through the maximum operation of the APC. Moreover, in order to achieve the optimum connection point voltage (VCP), which was calculated from Equations (3) and (4), the magnitude and phase of the serial compensation voltage (V’C1) are 2545.76 V and 105.97°, respectively, whereas those of the serial compensation voltage (V’C2) are 3182.19 V and −93.76°, respectively. Therefore, when the maximum output voltage of the APC is designed as 2000 V, the magnitude and phase of the serial compensation voltage (VC1) are 2000 V and 105.97°, respectively.



The magnitude and phase of the serial compensation voltage (VC1) are 2000 V and −93.76°, respectively. By modifying the second law of cosines as shown in Equations (15) and (16), the voltages VCP1 and VCP2 of each connection point can be calculated.


   V  C P 1   =    V  S 1  2  +  V  C 1  2  − 2  V  S 1    V  C 1   cos  θ 1     



(15)






   V  C P 2   =    V  S 2  2  +  V  C 2  2  − 2  V  S 2    V  C 2   cos  θ 2     



(16)







θ1 and θ2 in the above equations can be obtained from Equations (17) and (18):


   θ 1  = 180 −  θ  C 1    



(17)






   θ 2  = 180 −  θ  S 2   −  θ  C 2    



(18)







In addition, the values of θ1 and θ2 obtained from Equations (15) and (16) are the same as those obtained using Equations (19) and (20):


   θ 1  =   cos   − 1    (     V  S 1  2  +  V  C 1  2  −  V  C P 1  2    2  V  S 1    V  C 1      )   



(19)






   θ 2  =   cos   − 1    (     V  S 2  2  +  V  C 2  2  −  V  C P 2  2    2  V  S 2    V  C 2      )   



(20)







Therefore, VCP1 and VCP2 can be expressed using Equations (21) and (22), respectively, as follows:


   V  C P 1   =    V  S 1  2  +  V  C 1  2  − 2  V  S 1    V  C 1   cos  (  180 −  θ  C 1    )     



(21)






   V  C P 2   =    V  S 2  2  +  V  C 2  2  − 2  V  S 2    V  C 2   cos  (  180 −  θ  S 2   −  θ  C 2    )     



(22)







By modifying the second law of cosines, as shown in Equations (23) and (24), respectively, the phases θCP1 and θCP2 of each connection point were calculated.


   θ  C P 1   =   cos   − 1    (     V  S 1  2  +  V  C P 1  2  −  V  C 1  2    2  V  S 1    V  C P 1      )   



(23)






   θ  C P 2   =  θ  S 2   −   cos   − 1    (     V  S 2  2  +  V  C P 2  2  −  V  C 2  2    2  V  S 2    V  C P 2      )   



(24)







Therefore, VCP1 and VCP2 can be finally expressed, respectively, by Equations (25) and (26):


   V  C P 1   ∠  θ  C P 1   =    V  S 1  2  +  V  C 1  2  − 2  V  S 1    V  C 1   cos  (  180 −  θ  C 1    )    ∠   cos   − 1    (     V  S 1  2  +  V  C P 1  2  −  V  C 1  2    2  V  S 1    V  C P 1      )   



(25)






   V  C P 2   ∠  θ  C P 2   =    V  S 2  2  +  V  C 2  2  − 2  V  S 2    V  C 2   cos  (  180 −  θ  S 2   −  θ  C 2    )    ∠  (   θ  S 2   −   cos   − 1    (     V  S 2  2  +  V  C P 2  2  −  V  C 2  2    2  V  S 2    V  C P 2      )   )   



(26)







Figure 10 depicts the case where the phase of substation#1 has a value other than 0°. In this case, θ1 can be calculated as follows:


   θ 1  = 180 −  θ  C 1   +  θ  S 1    



(27)







Furthermore, by modifying the second law of cosines, as provided below in Equations (28) and (29), the voltages VCP1 and VCP2 of each connection point were calculated.


   V  C P 1   =    V  S 1  2  +  V  C 1  2  − 2  V  S 1    V  C 1   cos  (  180 −  θ  C 1   +  θ  S 1    )     



(28)






   V  C P 2   =    V  S 2  2  +  V  C 2  2  − 2  V  S 2    V  C 2   cos  (  180 −  θ  S 2   −  θ  C 2    )     



(29)







The value of θCP1 can be obtained from Equation (30).


   θ  C P 1   =  θ  S 1   +   cos   − 1    (     V  S 1  2  +  V  C P 1  2  −  V  C 1  2    2  V  S 1    V  C P 1      )   



(30)







Therefore, VCP1 and VCP2 can be finally expressed by Equations (31) and (32).


   V  C P 1   ∠  θ  C P 1   =    V  S 1  2  +  V  C 1  2  − 2  V  S 1    V  C 1   cos  (  180 −  θ  C 1   +  θ  S 1    )    ∠  (   θ  S 1   +   cos   − 1    (     V  S 1  2  +  V  C P 1  2  −  V  C 1  2    2  V  S 1    V  C P 1      )   )   



(31)






   V  C P 2   ∠  θ  C P 2   =    V  S 2  2  +  V  C 2  2  − 2  V  S 2    V  C 2   cos  (  180 −  θ  S 2   −  θ  C 2    )    ∠  (   θ  S 2   −   cos   − 1    (     V  S 2  2  +  V  C P 2  2  −  V  C 2  2    2  V  S 2    V  C P 2      )   )   



(32)








3. Simulation Verification


The output of APC according to the variation in the reference value of the connection point voltage was measured. The voltage phase coincidence points were set to 0°, 4.42°, 7° and 10°. After 0.1 s, the output voltage of the APC was applied to the distribution line. The magnitude of each substation voltage was ensured to be 22.9 kV with a phase difference of 10°. Furthermore, the connection point voltage was kept equal to the substation voltage in parallel. In Figure 11, the simulation result waveforms are plotted considering the voltage phase coincidence point as 0°. Moreover, the phase of the connection point voltage (VCP1) was set as 0°, to ensure that APC#1 was not driven and that the serial compensation voltage (VC1) was 0 V. Therefore, the voltage phase between the lines could be matched only by driving APC#2. Furthermore, the synthesis capacity of APC was measured to be 1830 kVA, which was the lowest. Figure 12 depicts the simulation result waveform when the voltage phase coincidence point was set to 20°. In this case, the phase of the connection point voltage (VCP2) was at 10°; consequently, APC#2 was not driven, and, hence, the serial compensation voltage (VC2) was 0 V. Therefore, the voltage phase between the lines was matched by driving only APC#1. Moreover, the synthesis capacity of the APC, in this case, was measured to be 2282 kVA, which was the highest. In conclusion, if only one APC is used, it can be constructed with the lowest capacity if it is designed considering APC#2.



In Figure 13, the simulation result waveforms are plotted considering the voltage phase coincidence point to be 7°. The connection point voltages between the distribution lines are equal; however, the outputs of the APCs are different. The capacities of APC#1 and APC#2 are 1603 kVA and 550 kVA, respectively. Moreover, the output gap between the APCs is large. In this case, the circuit design is difficult because different parameter values are required for the configuration of the controller circuit. Furthermore, when the APC is designed with the same parameter values, the output of APC#1 is smaller than its design capacity, thus resulting in lower output due to overdesign.



In Figure 14, the simulation result waveforms are plotted considering the voltage phase coincidence point as 4.42°. The reference value of the connection point voltage calculated from Equation (12) was applied to the controller. It can be seen that not only the voltages between the lines coincide with each other, but the outputs of both the APCs are 1013 kVA. The synthetic capacity of APC is 2026 kVA, which is somewhat higher than that in case of matching the phase at 0°. However, the output of the APC is evenly distributed, and efficient operation is possible. In the simulation results, the capacity of the controller differs according to the voltage phase coincidence point, and the magnitude of the serial compensation voltage increases as the interval to reach the coincidence point increases.




4. Conclusions


In this paper, a capacity calculation method for an active phase controller is proposed, which can help suppress the circulating current caused by the potential difference between connection points during the autonomous reconfiguration of a line. Existing FACTSs (flexible AC transmission systems), such as UPQCs (unified power quality conditioners) and UPFCs (unified power flow controllers), are designed for power flow control of the transmission line; thus, the design capacity is large, and the cost is high accordingly. However, the proposed APC controls only the phase angle of within 10° for the connection point; thus, it requires a small power capacity compared with conventional UPQC and UPFC. When calculating the capacity of the APC, the magnitude and phase of the current flowing into the APC was found to increase inversely with the magnitude and power factor of the path impedance, which greatly contributed to the increase in the output of the APC. In addition, the output of APC was calculated differently according to the phase change of the connection point voltage. Therefore, it was possible to operate an efficient APC by calculating the optimal connection point voltage through the proposed formula. Moreover, it was also possible to contribute to reducing the controller design cost by calculating the optimal APC capacity. Finally, the proposed control technique was validated using simulation.



In the future, it will be necessary to develop a control algorithm that can calculate the optimal connection point voltage even in the unbalanced load state of the distribution line.
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Figure 1. Diagram representing connections between the distribution lines. 
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Figure 2. Distribution system reconfiguration: (a) before; (b) after. 
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Figure 3. Vector diagram of the distribution line. 
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Figure 4. APC (active phase controller) capacity according to load impedance variation when the lagging power factor (PF = 0.9) is constant. (a) Active power; (b) reactive power; (c) apparent power. 
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Figure 5. APC capacity according to power factor change when the load impedance is constant. (a) Active power; (b) reactive power; (c) apparent power. 
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Figure 6. APC capacity according to load impedance and power factor change. (a) Active power; (b) reactive power; (c) apparent power. 
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Figure 7. Total APC capacity according to load impedance and power factor variation. 
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Figure 8. Vector diagram of the distribution line when the maximum output voltage of the APC is exceeded (when the phase of VS1 is 0°). 
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Figure 9. Parameter extraction for calculation of VCP1 and VCP2. 
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Figure 10. Vector diagram of the distribution line when the maximum output voltage of the APC is exceeded (when the phase of VS1 is not 0°). 
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Figure 11. Connection point voltage and APC capacity at the controlled angle of 0°. 
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Figure 12. Connection point voltage and APC capacity at the controlled angle of 10°. 
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Figure 13. Connection point voltage and APC capacity at the controlled angle of 7°. 
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Figure 14. Connection point voltage and APC capacity at the controlled angle of 4.42°. 
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Table 1. APC (active phase controller) capacity according to load impedance change when the power factor is constant.






Table 1. APC (active phase controller) capacity according to load impedance change when the power factor is constant.





	
Active Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.9

	
40

	
0.9

	
35

	
0.9

	
30

	
0.9

	
25

	
0.9




	
CP

	
5.46

	
5.19

	
4.89

	
4.56

	
4.17

	
3.73

	
(°)




	
P

	
392

	
416

	
444

	
476

	
512

	
555

	
(kW)




	
Reactive Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.9

	
40

	
0.9

	
35

	
0.9

	
30

	
0.9

	
25

	
0.9




	
CP

	
4.89

	
4.63

	
4.34

	
4.01

	
3.65

	
3.24

	
(°)




	
Q

	
821

	
863

	
909

	
959

	
1015

	
1081

	
(kVar)




	
Apparent Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.9

	
40

	
0.9

	
35

	
0.9

	
30

	
0.9

	
25

	
0.9




	
CP

	
5.00

	
4.74

	
4.42

	
4.12

	
3.75

	
3.33

	
(°)




	
Pa

	
915

	
963

	
1013

	
1076

	
1143

	
1219

	
(kVA)
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Table 2. APC capacity according to power factor change when the load impedance is constant.






Table 2. APC capacity according to power factor change when the load impedance is constant.





	
Active Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
50

	
0.8

	
50

	
0.7

	
50

	
0.6

	
50

	
0.5

	
50

	
0.4




	
CP

	
5.46

	
4.57

	
4.11

	
3.83

	
3.63

	
3.50

	
(°)




	
P

	
392

	
475

	
518

	
546

	
564

	
578

	
(kW)




	
Reactive Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
50

	
0.8

	
50

	
0.7

	
50

	
0.6

	
50

	
0.5

	
50

	
0.4




	
CP

	
4.89

	
5.16

	
5.46

	
5.80

	
6.19

	
6.62

	
(°)




	
Q

	
821

	
779

	
732

	
678

	
618

	
548

	
(kVar)




	
Apparent Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
50

	
0.8

	
50

	
0.7

	
50

	
0.6

	
50

	
0.5

	
50

	
0.4




	
CP

	
5

	
5

	
5

	
5

	
5

	
5

	
(°)




	
Pa

	
915

	
915

	
915

	
915

	
915

	
915

	
(kVA)
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Table 3. APC capacity according to load impedance and power factor change.
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Active Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.8

	
40

	
0.7

	
35

	
0.6

	
30

	
0.5

	
25

	
0.4




	
CP

	
5.46

	
4.31

	
3.59

	
3.04

	
2.57

	
2.14

	
(°)




	
P

	
392

	
499

	
568

	
623

	
670

	
712

	
(kW)




	
Reactive Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.8

	
40

	
0.7

	
35

	
0.6

	
30

	
0.5

	
25

	
0.4




	
CP

	
4.89

	
4.90

	
4.91

	
4.93

	
4.96

	
5.00

	
(°)




	
Q

	
821

	
821

	
820

	
817

	
812

	
804

	
(kVar)




	
Apparent Power




	
Load#2

	
Z = 50 Ω

	
PF = 0.9




	
Load#1

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
Z

	
PF

	
(Ω)




	
50

	
0.9

	
45

	
0.8

	
40

	
0.7

	
35

	
0.6

	
30

	
0.5

	
25

	
0.4




	
CP

	
5.00

	
4.74

	
4.42

	
4.12

	
3.75

	
3.33

	
(°)




	
Pa

	
915

	
963

	
1013

	
1076

	
1143

	
1219

	
(kVA)
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Table 4. Distribution Line Parameters.






Table 4. Distribution Line Parameters.





	
10 MW

	
V

	
Phase






	
Substation#1, VS1

	
22.9 kV

	
0 ° 




	
Substation#2, VS2

	
22.9 kV

	
10 ° 




	

	
Z

	
PF

	
R

	
L




	
Load#1, ZL1

	
40  Ω 

	
0.7

	
28  Ω 

	
75.77 mH




	
Load#2, ZL2

	
50  Ω 

	
0.9

	
45  Ω 

	
57.81 mH
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Table 5. Output of APC according to controlled phase.






Table 5. Output of APC according to controlled phase.





	
Phase

	
APC#1

	
APC#2

	
Total

	






	
0

	
(°)

	
0

	
1830

	
1830

	
(kVA)




	
4.42

	
(°)

	
1013

	
1013

	
2026

	
(kVA)




	
7

	
(°)

	
1603

	
550

	
2153

	
(kVA)




	
10

	
(°)

	
2282

	
0

	
2282

	
(kVA)
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