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Abstract

:

Recently, there have been many cases in which direct current (DC) facilities have been placed in alternating current (AC) systems for various reasons. In particular, in Korea, studies are being conducted to install a back-to-back (BTB) voltage-sourced converter (VSC) high-voltage direct current (HVDC) to solve the fault current problem of the meshed system, and discussions on how to operate it have been made accordingly. It is possible to provide grid services such as minimizing grid loss by changing the HVDC operating point, but it also may violate reliability standards without proper HVDC operation according to the system condition. Especially, unlike the AC system, DC may adversely affect the AC system because the operating point does not change even after a disturbance has occurred, so strategies to change the operating point after the contingency are required. In this paper, a method for finding the operating point of embedded HVDC that minimizes losses within the range of compliance with the reliability criterion is proposed. We use the Power Transfer Distribution Factor (PTDF) to reduce the number of buses to be monitored during HVDC control, reduce unnecessary checks, and determine the setpoints for the active/reactive power of the HVDC through system total loss minimization (STLM) control to search for the minimum loss point using Powell’s direct set. We also propose an algorithm to search for the operating point that minimizes the loss automatically and solves the overload occurring in an emergency through security-constrained loss minimization (SCLM) control. To verify the feasibility of the algorithm, we conducted a case study using an actual Korean power system and verified the effect of systematic loss reduction and overload relief in a contingency. The simulations are conducted by a commercial power system analysis tool, Power System Simulator for Engineering (PSS/E).
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1. Introduction


In recent years, the electric-power industry has changed from a conventional alternating current (AC) system to a hybrid system, in which special facilities such as high voltage direct current (HVDC) and flexible AC transmission system (FACTS) work together. In particular, HVDC has been used for over 50 years, mainly for asynchronous interconnection, long-distance transmission, submarine, and underground cable transmission, etc. The most commonly used system is the line-commutated converter (LCC) HVDC, which uses thyristor valves, but the development of voltage-sourced converter (VSC) HVDC technology is also on the rise with the advances in power electronics technology [1,2,3].



In general, HVDC is mainly used with point-to-point (PTP) type which is used for large-capacity, long-distance transmission. These HVDCs are intended to transmit power unidirectionally between the two regions, so no special operation strategies are required. Recently, however, small-and medium-scale VSC HVDCs were installed in the grid to provide additional grid services in addition to unidirectional power transmission, because of the independent control of active/reactive power and converter switching operation of the VSC HVDC, which can provide grid services for an AC system, as shown in Table 1 [2,4].



In particular, it is easy to provide grid services for the AC grid when embedded HVDC is installed in the grid, where embedded HVDC is defined as “a DC link with multiple ends that are physically connected from a single synchronous AC network. With such a connection, these connections allow DC to perform basic functions of bulk power transmission as well as some additional control functions within the AC network such as power flow control, voltage control, stability improvement” [5]. In other words, embedded HVDC is mainly used for AC power flow control by active power control at both ends of the converter, improvement of voltage stability by reactive power control, suppression of failure propagation in the AC system, and system stability through frequency control. With the introduction of embedded VSC HVDC, there have been various studies of embedded VSC HVDC operation strategies as shown in [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. References [6,7,8] are early research on the operation strategy of the HVDC, which improves the stability of power facilities by Remedial Action Scheme (RAS). As defined [9,10], an RAS is designed to take corrective action to maintain system reliability and provide acceptable system performance. This operating strategy has been applied to many HVDC projects such as Manitoba HVDC, Eastern/Western Alberta Transmission Line, and the RAS is used as the basis of emergency control in this paper [11,12,13,14,15,16]. The operating point of HVDC should be determined prior to these emergency controls, and most HVDCs are intended for long-distance transmission, so the operating point is determined according to the rated capacity or N-1 failure without any special strategy [17]. However, by changing the HVDC operating point, system total loss can be reduced, and such studies have also been conducted. This method mainly focuses on reducing transmission loss with Multi-Terminal DC (MTDC) [18,19], and studies on finding operating points based on objective functions such as system loss, voltage deviation, and reliability criteria have been variously conducted on small scale systems [20,21]. These conventional studies have the drawback such as they were conducted in a small-scale radial system, not a large-scale meshed system; the studies manly consider only AC loss; and there is no integrated control scheme for HVDC operation considering system total loss.



In this paper, a method for determining the normal/contingency operation point of embedded back-to-back (BTB) VSC HVDC is proposed. In calculating the operation point during normal conditions, the system total loss minimization (STLM) control to minimize total losses within the grid reliability criterion is conducted using Powell’s direct set theory. At this time, by using the power transfer distribution factor (PTDF), we calculate the lines that are sensitive to HVDC operation beforehand, reduce the number of lines to be monitored, and exclude the investigation of unnecessary lines. In addition, the security-constrained loss minimization (SCLM) control for eliminating the overloads in N-1 contingencies operates additionally. The optimum HVDC operating point is determined by setting the system total loss reduction as the objective function even within the operating range in which the overload can be eliminated by a method different from the existing remedial control. This paper is structured as follows. Section 2 describes the Korean power system briefly and provides a concept of BTB VSC HVDC in a meshed system. The method for finding the operating point of embedded BTB VSC HVDC is described in Section 3. Section 4 shows the simulation results of the BTB VSC HVDC operating point decision process for the Korean power system and demonstrates the validity of the proposed algorithm. The simulations are conducted by Power System Simulator for Engineering (PSS/E) 33.4.0 and the optimization results are implemented in Python code.




2. System Description


2.1. Korean Power System


In South Korea, 40% of the total load is concentrated in the metropolitan area, so the system is composed of multi-looped types for improving system stability. This system is advantageous for most aspects of stability, but it makes the fault current problem more serious. In order to solve the fault current problem, current limiting reactor installation, increasing circuit breakers (CB), grid segmentation, and other suggestions have been proposed. However, none of the methods can solve the fault current problem ultimately. Recently, as an alternative to these, a grid segmentation using BTB HVDC has been proposed. In this aspect, fault current reduction can be cited as a criterion for deciding on the HVDC position in the meshed power system. Currently, two long-distance HVDCs are in operation in the Korean power system, and four HVDCs will be added in the future. One of them is an embedded-type HVDC, which will be installed in the Seoul metropolitan area to solve the fault current problem. Studies on the installation of BTB HVDC for resolving the fault current problem in the metropolitan area have been actively conducted, as shown in [22,23].




2.2. Embedded BTB HVDC Siting in Meshed System


When replacing the existing AC line of the system with HVDC, the equivalent impedance of the power system increases, and the magnitude of the fault current decreases accordingly. For short circuit analysis, HVDC normally operates as a PQ bus at both ends for load flow calculation, whereas the fault current mode acts as if the current source is connected to both ends as shown in Figure 1 [24].



The three-phase fault current is calculated as the sum of the system Thevenin impedance of the fault point and the fault impedance formed between the fault point and the ground divided by the voltage that was applied just before the fault occurred. In other words, it is represented by a model in which an open circuit voltage source having a voltage applied to a point just before a failure of a short circuit formed at the time of failure is connected as in Equation (1):


Ifaultn=VprefaultnZThn+Zfaultn,



(1)




in which




	
Ifaultn is a fault current at the fault point n;



	
Vprefaultn is a pre-fault voltage at the fault point n;



	
ZThn is a thevenin impedance at the fault point n; and



	
Zfaultn is a fault impedance at the fault point n;








In Equation (1), Vprefaultn and Zfaultn cannot be controlled arbitrarily, and when the AC line is replaced with BTB HVDC, ZThn can be controlled according to the position. Studies have been conducted to find the position of HVDC to reduce the fault current caused by the increase of ZThn. In this paper, using the HVDC decision algorithm defined in [23], the HVDC placement is chosen. Although it is possible to use the location selection criteria to reduce the fault current of the entire system or to reduce the number of fault current exceeding points, the location of HVDC is selected based on the fault current reduction of the most severe buses.




2.3. Proposed Control Scheme


Figure 2 briefly shows a block diagram of the BTB HVDC operating strategy proposed in this paper. The proposed HVDC operating point decision method can be divided into two major components. The first is the operating point in the steady state. It is the point that can minimize the loss of the entire system within the range of the system reliability criterion. In order to minimize the system total losses, AC voltage control at both ends of the HVDC is performed for proper reactive power output as well as active power control. The second is the operation strategy of HVDC at the time of disturbance occurrence. Unlike AC systems, HVDC produces a constant output regardless of system conditions without special control. This feature can cause overloads on other branches and can also have a detrimental effect in terms of losses, so an emergency control strategy of embedded HVDC is essential. In case of the emergency control, the operation point is changed to the range which eliminates the overload of the branches, and then the point is controlled to the operation point which can minimize the total losses at that system condition.





3. Determination of Embedded HVDC Operation Point


3.1. System Total-Loss Minimization (STLM) Control


In this paper, we consider the following points when determining the HVDC operating point at steady-state. After setting the constraints on each point, the optimum operating point of the embedded HVDC is calculated using the optimization method.



	
System total-loss minimization



	
Voltage criteria



	
Branch overloads






3.1.1. System Total-Loss Minimization


The most important factor that affects the determination of the operating point is the minimization of the total loss of the system. The most important advantage of VSC HVDC is independent control of active power and reactive power, which can be used to change the direction of the system’s power flow, leading to a change in system losses. Therefore, in this study, we decided on the operating point that minimizes the system’s total loss within the capacity of HVDC. The system’s total loss means the sum of the existing AC loss and HVDC loss.


Ploss,total=∑nlPloss,AC+∑nl,DC(Ploss,DC+Ploss,conv)=∑nlPr, AC2+Qr2Vr,AC2,RAC+∑nl,DC(Pr, DC2Vr,DC2,RDC+(Pr,DC+Ps,DC),λ)



(2)




in which




	
Ploss,total is the system total loss;



	
Ploss,AC is the AC system loss;



	
Ploss,DC is the HVDC line loss;



	
Ploss,conv is the HVDC conversion loss;



	
Pr, AC, Pr,DC are the AC/DC line flow active powers at the receiving end;



	
Ps,DC is the DC line flow active powers at the sending end;



	
Qr is the AC line flow reactive powers at the receiving end;



	
Vr,AC, Vr,DC are the AC/DC voltage at the receiving end;



	
RAC, RDC are the resistance values of the AC/DC line; and



	
λ is the loss rate of the converter.








The VSC DC losses have been decreasing over the years because of the application of Modular Multi-Level Converter (MMC) topology and optimization of switching logic. For example, the HVDC VSC loss of the fourth-generation technology is now comparable with the HVDC LCC (“Classic”) technology [25,26]. In this paper, conversion loss is considered to be 0.9% of the active power setpoint per converter, but the value of the technology can be lowered according to development.



In addition, since BTB HVDC has no line loss, the DC related losses did not include the DC line loss, but only the conversion loss of the converter, which has a big influence on the loss reduction of the entire system. Therefore, Equation (2) is simplified as in Equation (3), and from the viewpoint of loss reduction, the conversion loss of BTB HVDC can greatly influence the numerical value of the entire system. At this time, since the converter and the inverter are at the same position, it is assumed that Pr,DC=Ps,DC.


Minimize Ploss,total=∑nlPr, AC2+Qr2Vr,AC2,RAC+∑nl,DC2,Pr,DC,λ.



(3)








3.1.2. Voltage Criteria


The active/reactive power control of the BTB VSC HVDC can have a significant effect on the voltage of the near buses. Generally, embedded HVDC operates in AC voltage control mode. However, in this paper, we decided on the proper operating point in the reactive power setpoint control mode to maximize loss reduction and operate in AC voltage control mode to maintain the operating point.


Vi_≤Vi≤Vi¯



(4)




in which




	
Vi_, Vi¯ is the minimum/maximum voltage at bus i; and



	
Vi is voltage at bus i.









3.1.3. Line Overload


The active/reactive power control of HVDC also affects the power flow of nearby lines. In this paper, we restrict the operation of BTB VSC HVDC so that overloads do not occur on other lines in the steady state.


Fline,l_≤Fline,l≤Fline,l¯



(5)




in which




	
Fline,l_, Fline,l¯ is the minimum/maximum power flow on line l; and



	
Fline,l is power flow on line l.








The change of the BTB VSC HVDC operating point has a significant effect on some lines, but not all lines. Monitoring the overload of all the lines depending on the system conditions is a burden of communication. Therefore, it is necessary not to observe all the lines, but to find lines that are sensitive to the operation of the HVDC. At this time, the bus lines to be observed are chosen using the PTDF described in [27,28,29]. PTDF is an index of line sensitivity based on the DC power flow model, and it is easy to analyze system reconfiguration and installation of DC facilities. When the power to the specific bus changes, it is possible to determine the sensitivity of the lines by indicating the influence of the power flow change on the lines. The PTDF is expressed as shown in Equation (6).


φml=ΔFlΔPm



(6)




in which




	
φml is the PTDF of line l with respect to bus m;



	
ΔFl is the amount of the power flow change in line l; and



	
ΔPm is the amount of the power change injected for bus m.








The AC line sensitivity caused by HVDC can be represented by the PTDF values at both ends and capacity of the HVDC as shown in Figure 3. For the HVDC operation, PTDF values at both ends of the HVDC are similar for the AC lines where the power change is not large (low sensitivity); and in the opposite case, the difference between the PTDF values is large, and the result of Equation (7) is large too. Equation (7) is obtained by multiplying the difference of the PTDF values at the end of the HVDC for any AC line by the capacity of the HVDC, and it predicts the maximum value that can be reached in the AC line when the operation of the HVDC is maximized. The obtained value can be compared with the reference value of each line to decide whether to consider the AC line in the monitoring line or not. The reference value is obtained by weighting the capacity of each line as shown in Equation (8). In Equation (8), W affects the number of monitoring lines. The larger the W value, the smaller the number of monitoring lines, and the smaller the value of W, the larger the number of monitoring lines. Therefore, even when the W value is large, the branches determined as the monitoring line can be regarded as a line that is highly influenced by the HVDC operation. On the contrary, when W is controlled to a lower value, relatively less sensitive lines are considered as monitoring branches, so that it is possible to operate the system in detail, but it can be a heavy burden for HVDC operators. The system operator should carefully determine the W value according to the purpose and convenience.





Mnormall=2⋅Pcap,(φrecl−φinvl),



(7)






Mrefl=SMVAl×W,



(8)






if  Mnormall ≥ Mrefl : Choose line l as monitoring line,



(9)








	
ΔFline,l is the power flow change of line l by HVDC control



	
Mnormall is the maximum variation of line l;



	
Mrefl is the reference value of line l;



	
Pcap is the active power capacity of the HVDC;



	
φrecl is the PTDF of line l with respect to the rectifier end;



	
φinvl is the PTDF of line l with respect to the inverter end;



	
SMVAl is the capacity of line l; and



	
W is a weighting factor.








The monitoring lines determined using the PTDF should consider both normal and contingency conditions. Especially, in contingency, when the line is tripped after the accident, PTDF is calculated again, because the system topology changed. Therefore, it is necessary to pre-calculate the PTDF after the line is tripped for the main contingencies, and the sensitive lines should also be determined as the monitoring line.




3.1.4. Application of Three-Dimensional Powell’s Direct Set (3-PDS)


The operating point of the BTB VSC HVDC is found from the minimization of the total loss (Equation (3)), the voltage reference (Equation (4)), and the thermal limit (Equation (5)) as described above. In this paper, Powell Direct Set (PDS) theory was used in an optimization method to find the operating point [30]. The PDS method can directly search for optimum point, instead of using differential, and obtains the optimization point using its direction. Therefore, it is easy to apply and is not restricted by whether it can be differentiated [31,32].



Especially, VSC HVDC uses three-dimensional PDS because it has three controllable elements: {P, Qrec,Qrec}, that are independent of each other. In order to find the three-dimensional minimum point, we tried to find the operating point decision point of HVDC more easily by using 3-PDS instead of finding the differentiation point. The main steps to determine the point of operation using the 3-PDS method are shown as follows.



	
Set the initial point S0(1) and the independent directions used for initial searching ϵ. We set the values as S0(1)=(0,00), ϵ={ P →, Qrec→,Qinv→}.



	
A conjugate direction should be generated within each iteration.




	-

	
Starting from S0(k)(k is the iteration number), sequentially search the directions in ϵ by finding the minimum.


Min Fobj(Si(k))=Fobj(Si−1(k)+δΔϵ),



(10)




where δ is the step size.




	-

	
A conjugate direction ϵconju.(k) is generated after searching down by


ϵconju.(k)=Si(k)−S0(k).



(11)













	
Update the search direction ϵ by adding directions ϵconju.(k) to ϵ and replace the other direction. It is common to replace the first direction with a new ϵconju.(k), but in this application, since the control of active power is much more influential than the control of reactive power in loss reduction, so the direction of active power ( P →) is left and the new direction is updated. We can get ϵ={ P →,ϵconju.(k),ϵconju.(k+1)}.



	
Find the new optimal operation point S0(k+1).



	
Convergence check.







3.1.5. HVDC Operating Point with STLM Control


In this paper, the optimum operating point of HVDC is calculated by using Equations (4)–(9) as the constraint condition and Equation (3) as the objective function. Using the STLM control, we can establish the active/reactive power operation point of HVDC that minimizes total system loss by using the algorithm of Figure 4 and, in contingencies, apply other control strategies. The explanation of Figure 4 as follows.




	
The initial active/reactive power operation range is set with reference to the HVDC capacity.



	
The number of branches to be monitored could be reduced using PTDF. These represent branches where the amount of power flow varies greatly with HVDC operating point (Section 3.1.3).



	
The operating area should be adjusted so as not to deviate from the constraints. In the later operating point determination process, the operating range set here should not be exceeded.



	
The operation point that minimizes the system total loss is determined using the PDS. The active/reactive power output determined in this process are respectively input into the active power set value and the AC voltage set value.










3.2. Security-Constrained Loss Minimization (SCLM) Control


When a disturbance occurs in the system, line and transformer overloads occur in the system. In order to eliminate the overloads, it is necessary to control the operating point of the HVDC, which is called a “security-constrained loss minimization (SCLM) control.” The action is as follows.



	
BTB VSC HVDC normally operates with the operating point calculated in Section 3.1.



	
In the event of a contingency, it detects the overloads of the other line and calculates the operation range where the overload of the line can be eliminated.



	
Within the previously determined operating area, a new operating point is calculated that minimizes losses and maintains system reliability.



	
At this time, it is necessary to check whether the other lines are overloaded at the determined operating point. If there are overloads of other lines, an optimum operating point should be found in the operating area where the overloads of the line are eliminated.






Figure 5 shows an algorithm of the SCLM control in the event of a contingency.





4. Case Study


4.1. System Information


For case studies, we used the Korean metropolitan power system in 2021, the features of which are as follows.



	
The load in the metropolitan area is about 40% of the total load, and a large amount of power is supplied from the non-metropolitan area.



	
In order to improve the system stability, it is configured as a looped system, and thereby the problem of fault current is serious.



	
The 154kV Yangju bus (1410) will be separated and connected to VSC BTB HVDC to solve the fault current problems in the metropolitan area and to improve system stability.



	
Detailed information on the system is shown in Table 2; detailed specifications and system configuration of HVDC are shown in Table 3 and Figure 6.







4.2. BTB VSC HVDC Siting for Fault Current Reduction


The site of the BTB VSC HVDC is selected to solve the fault current problem in the Korean metropolitan area and its effect is shown in Table 4. With the BTB VSC HVDC, there is only one bus, bus 1200, at which the fault current is above the 50 kA limit, whereas without the BTB VSC HVDC, there are multiple buses at which fault currents are above the 50 kA limit. The benefit of the BTB VSC HVDC for reducing the fault current is demonstrated.




4.3. STLM Strategy in Normal Condition


Before determining the operating point in normal operation, Equations (7)–(9) were applied to reduce the number of observed branches to be considered in the overload constraint. The active power capacity Pcap is 400 MW, weighting factor W is 0.3, and other necessary values were applied using Korean power system data. The monitoring branches determined using Equations (7)–(9) are in Appendix A.



To apply the STLM strategy, the initial conditions must be found. The initial conditions of this case study are as follows.



	
Initial operating point S0(1): (0, 0, 0),



	
Independent directions used for initial searching ϵ={P→, Qrec→,Qinv→},



	
Step size δ=1.






The loss reduction from the operating point found by using the STLM can be seen in Table 5 and Table 6. For the case when the HVDC is in operation, we compared the losses for (1) the case where the STLM strategy is applied and (2) the case where the operating condition is applied to the amount of power flow in the existing AC line without applying the STLM. The HVDC operating point in the case of “with HVDC (AC flow)” does not have a special strategy, and the operating point is determined based on the power flow through the AC line when there is no HVDC (when connected to the AC line instead of the separation between buses). More than 400 MW of power flowed to the AC line before the bus separation, and 200 MW × 2 was selected as the operation point according to the HVDC rating limit. When the STLM is applied, the system losses are the least and the technology of the conversion loss of the converter further develops, and the economy caused by the reduction of the loss can be improved. Additionally, at the operating point obtained by applying the STLM strategy, there are no overload lines, and the maximum/minimum voltage of the system is 1.060/0.984 at the 154 kV level, and 1.039/0.995 at the 345 kV level. These values meet the system overload and voltage criteria described in Table 2.




4.4. SCLM Control in Transient Condition


An example of the SCLM control for an overload condition that causes N-1 failures in a given system is shown. The transformer overload (over 100%) and the line overload (over 120%) are shown as examples. The simulation proceeds as shown in Figure 7. A fault occurred in 1 s; after six cycles (0.1 s) clear fault, trip line; six cycles later, the HVDC operating point was changed for branch overloads. In this process, fast operation is required to solve the thermal limit, so only active power control is used and the AC voltage control setpoint does not change. In addition, the operation point was changed again for loss minimization after 1 s from the failure occurrence.



In order to verify the effect of the SCLM control, this paper compares the results of conventional control, RAS control, and the proposed control. In conventional control, regardless of the disturbance, the active power and AC voltage setpoint of the HVDC are constant [33]. Therefore, it may not respond to disturbance, and overload and overvoltage may occur. In this case, the overload condition is maintained, and the transformer is in trouble. In the RAS control, as in the literature reviews, the operating point of the HVDC changes for system stabilization [6,7,8,9,10,11,12,13,14,15,16]. Using the control, the system instability is solved by the active power control, but the AC voltage setpoint is constant without control. Similar to RAS control, the SCLM control solves the overload problem with active power change, and then uses the STLM control to determine the operating point after a contingency. In this case, the operation point is changed first, and in the SCLM control considering the loss minimization, it can be confirmed that the operation point is changed secondarily.



4.4.1. Transformer Overload (100%) Case


When a 1400–1800 2CKT contingency occurs, the overload of the transformer will be 112.51%. At this time, the overload is solved by using SCLM control, and then the operating point for loss minimization is found. The change in the operating point of the HVDC after the SCLM control and the result of the system control are shown in Table 7 and Table 8 and Figure 8, Figure 9, Figure 10 and Figure 11. As in the previous STLM control, after SCLM control, there are no overload lines, and the maximum/minimum voltage of the system is 1.059/0.984 at the 154 kV level, and 1.038/0.933 at the 345 kV level, which also meets the voltage criterion in Table 2.




4.4.2. Line Overload (120%) Case


When a 1395–1415 1CKT contingency occurs, the overload of the remaining line will be 123.42%. Like the previous case, the overload is solved through the SCLM control, and then the operating point for minimum loss is determined. The change in the operating point of the HVDC after the SCLM control and the result of the system control are shown in Table 9 and Table 10 and Figure 12, Figure 13, Figure 14 and Figure 15. Additionally, in this case, there are no overload lines, and the maximum/minimum voltage of the system is 1.059/0.984 at the 154 kV level, and 1.039/0.994 at the 345 kV level, which also meets the voltage criterion in Table 2.




4.4.3. Comparison of Simulation Results


As shown in Figure 8 and Figure 12, in the conventional control, the HVDC system is controlled to sustain the constant power output, but when the RAS or the SCLM control is applied, the active power setpoint is changed to mitigate the overload. The reason why the active power is changed again after 2 s in the SCLM control is that the operating point is changed to minimize the system total loss within the operating range where the overload is mitigated. Additionally, Figure 9, Figure 10, Figure 13, and Figure 14 show the reactive power change at both ends of HVDC. In the conventional control and RAS control, the converters control the reactive power output to sustain the AC voltage setpoint in the pre-contingency condition, and the reactive power output fluctuated according to the system conditions. On the other hand, in the SCLM control, the reactive power output of HVDC for minimizing the system total loss is calculated and changed after 2 s. Accordingly, the total loss is 1.66 and 5.84 MW lower, respectively, compared to the RAS results as expressed in Table 8 and Table 10.



Comparisons of overload changes for each case can be seen in Figure 11 and Figure 15. In terms of the overload criteria, the load of the SCLM control is lower than that of RAS control in Figure 11, whereas the load of RAS control is lower than that of the SCLM control in Figure 15. In the SCLM control, since the operating point is determined to minimize the loss within the operating range for relieving the overload, the line load can be high, but it does not exceed the overload limit, so it is not a problem in terms of reliability.






5. Conclusions


This paper proposes a methodology for determining the operating point of embedded HVDC considering system losses and reliability criterion. In order to verify the effectiveness of the proposed control, we applied the methodology to the Korean power system, as a result, we proved that embedded BTB VSC HVDC can provide more efficient grid service for the AC system as follows.



	
In normal operation, the system loss is reduced by about 16 MW in the STLM control. This is 1% of the total loss, but an economic benefit can be gained during the lifetime of HVDC. Although we did not perform a detailed economic assessment, it is possible to obtain a loss reduction effect of about 85 million dollars a year considering energy charge and demand charge.



	
There are about 180 branches in the zone with HVDC. Using sensitivity analysis, the number of monitoring branches can be reduced to 14 lines and three transformers.



	
If a disturbance occurs in the AC system and there is no appropriate HVDC control accordingly, HVDC may adversely affect the AC system. Using the SCLM control, not only overload and overvoltage problems are solved, but also the system loss is reduced, which is advantageous in economy and reliability.






The proposed scheme can be operated well in a real system if a large-enough communication system like Supervisory control and data acquisition (SCADA) is applied. It is possible to reduce the communication burden by reducing the number of monitoring lines by precomputing the line that is greatly influenced by the HVDC control. Future research will need to be done on the overall embedded VSC HVDC operation strategy, not limited to the active/reactive power control, but considering all the other grid services it can provide.
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Table A1. Monitoring branches for HVDC operation.
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	1310–1340
	1340–1825
	1360–1945
	1361–1945
	1411–1495
	1411–1925



	1495–1690
	1690–1945
	1825–1890
	1865–1870
	1890–1935
	1925–1931



	1931–1940
	1935–1940
	1360 M.Tr
	1361 M.Tr
	1410 M.Tr
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Figure 1. HVDC fault calculation model (PQ bus mode). 
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Figure 2. Proposed control scheme. 
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Figure 3. Power flow change caused by back-to-back (BTB) HVDC active power operation. 
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Figure 4. Algorithm of the system total loss minimization (STLM) control. 
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Figure 5. Algorithm of the security-constrained loss minimization (SCLM) control. 
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Figure 6. BTB siting in the Korean metropolitan area (1411–1410). 
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Figure 7. Simulation proceeds for SCLM control. 
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Figure 8. Active power operation change in the transformer overload case. 
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Figure 9. Reactive power operation change in the transformer overload case at the rectifier end. 
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Figure 10. Reactive power operation change in the transformer overload case at the inverter end. 
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Figure 11. Comparison of HVDC control for overload mitigation in the transformer overload case. 
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Figure 12. Active power operation change in the line overload case. 
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Figure 13. Reactive power operation change in the line overload case at the rectifier end. 
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Figure 14. Reactive power operation change in the line overload case at the inverter end. 
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Figure 15. Comparison of HVDC control for overload mitigation in the line overload case. 
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Table 1. Grid services of voltage-sourced converter (VSC) high voltage direct current (HVDC) for alternating current (AC) systems.
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Control and Support

	
Grid Service






	
Active power control and frequency support

	
 - Primary control or frequency containment reserves (FCR)




	
 - Secondary control or frequency restoration reserves (FRR)




	
 - Tertiary control or replacement reserves (RR)




	
Reactive power control and voltage support

	
 - Reactive power absorb/supply




	
Rotor angle stability-related control

	
 - Avoiding loss of synchronism




	
 - Damping electromechanical oscillations




	
Other

	
 - Power oscillation damping capability




	
 - DC power flow control




	
 - Black start capability




	
 - Loss compensation




	
 - DC transmission reserve
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Table 2. System information.






Table 2. System information.





	
Item

	
Information






	
Case data

	
Korea Power System (2021)




	
System total generation

	
98,771.0 MW




	
System total load

	
97,200.8 MW




	
Nominal frequency

	
60 Hz




	
Voltage limit

(Steady state)

	
Base 345 kV

	
0.95~1.05 p.u.




	
Base 154 kV

	
0.90~1.10 p.u.




	
Voltage limit

(Transient state)

	
Base 345 kV

	
0.90~1.05 p.u.




	
Base 154 kV

	
0.90~1.10 p.u.




	
Branch Overload limit

(Steady state)

	
Branch

	
100%




	
Branch Overload limit

(Transient)

	
Line

	
120%




	
Transformer

	
100%
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Table 3. Specification of BTB VSC HVDC.
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	Specification
	BTB VSC HVDC





	Site
	1410–1411



	Active power capacity
	200 × 2 MW



	Reactive power capacity
	100 × 2 MVAR



	MVA rating
	224 × 2 MVA



	AC terminal voltage
	154 kV



	DC voltage
	100 kV



	Configuration
	Double monopole



	Conversion loss
	1.8% of active power



	AC voltage setpoint
	Depend on the system condition
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Table 4. Fault current comparison with/without HVDC [kA].
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	Bus Number
	Base kV
	With HVDC
	Without HVDC
	Bus Number
	Base kV
	With HVDC
	Without HVDC





	1200
	345
	54.8899
	55.0129
	1810
	154
	48.2441
	53.2228



	1400
	345
	48.2340
	50.1957
	1811
	154
	47.7596
	52.6257



	1410
	154
	49.7672
	65.5842
	1865
	154
	46.2224
	51.5447



	1411
	154
	25.7956
	65.5842
	1870
	154
	47.0455
	52.7775



	1475
	154
	46.1315
	51.8724
	1895
	154
	47.1782
	53.1212



	1490
	154
	46.2564
	52.0078
	1955
	154
	44.5498
	50.1641
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Table 5. HVDC setpoint using the STLM control.
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P (1410 → 1411)

	
AC Voltage (Rectifier)

	
AC Voltage (Inverter)






	
Setpoint

	
131 × 2 MW

	
1.048 kV

	
1.039 kV




	
(Supply 95.31 MVAR)

	
(Supply 3.80 MVAR)
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Table 6. Comparison of system losses by operating method.
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	Losses
	With HVDC

(STLM Control)
	With HVDC

(AC Flow)
	Without HVDC





	AC system losses
	1564.38 MW
	1578.10 MW
	1571.16 MW



	DC system losses
	4.72 MW
	7.20 MW
	-



	Total losses
	1569.10 MW
	1585.30 MW
	1571.16 MW
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Table 7. HVDC setpoint change using the SCLM control for the transformer overload.
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Control Mode

	
P (1410 → 1411)

	
AC Voltage (Rectifier)

	
AC Voltage (Inverter)






	
Normal operation

(STLM control)

	
131 × 2 MW

	
1.048 kV

	
1.039 kV




	
(Supply 95.31 MVAR)

	
(Supply 3.80 MVAR)




	
SCLM control

	
17 × 2 MW

	
1.019 kV

	
1.048 kV




	
(Supply 82.83 MVAR)

	
(Supply 72.70 MVAR)
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Table 8. Comparison of system losses by operating change (transformer overload case).
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	Normal Operation
	Conventional Control
	RAS Control
	SCLM Control





	AC system losses
	1564.38 MW
	1583.92 MW
	1587.21 MW
	1585.80 MW



	DC system losses
	4.72 MW
	4.72 MW
	0.86 MW
	0.61 MW



	Total losses
	1569.10 MW
	1587.64 MW
	1588.07 MW
	1586.41 MW



	% Loading
	66.02%
	110.44%

(Security violated)
	98.08%
	96.41%
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Table 9. HVDC setpoint change using the SCLM control for line overload.
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Control Mode

	
P (1410→1411)

	
AC Voltage (Rectifier)

	
AC Voltage (Inverter)






	
Normal operation

(STLM control)

	
131 × 2 MW

	
1.048 kV

	
1.039 kV




	
(Supply 95.31 MVAR)

	
(Supply 3.80 MVAR)




	
SCLM control

	
184 × 2 MW

	
1.035 kV

	
1.042 kV




	
(Absorb 2.34 MVAR)

	
(Supply 79.86 MVAR)
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Table 10. Comparison of system losses by operating change (line overload case).
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	Normal Operation
	Conventional Control
	RAS Control
	SCLM Control





	AC system losses
	1564.38 MW
	1575.28 MW
	1573.28 MW
	1568.02 MW



	DC system losses
	4.72 MW
	4.72 MW
	7.20 MW
	6.62 MW



	Total losses
	1569.10 MW
	1580.00 MW
	1580.48 MW
	1574.64 MW



	% Loading
	62.98%
	122.27%

(Security violated)
	116.17%
	119.08%











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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