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Abstract

:

This paper presents an alternative methodology to obtain the precise amount of shunt reactive power compensation in order to simultaneously reduce the total reactive power losses, improve the voltage profile and increase the loading margin of power systems. The amount of shunt reactive power compensation to be allocated is determined based on the curve of the total reactive power losses versus the voltage magnitude of a chosen bus. The best places for shunt reactive compensation are defined by the load bus participation factors of the critical mode provided by the static modal analysis. Simulation results employing shunt capacitors obtained with the new approach for the IEEE test systems (14, 57 and 300 buses) show that the procedure leads to a reduction in total reactive and active power losses and simultaneously improves the voltage profile and loading margin.
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1. Introduction


The steady-state voltage stability analysis aims to identify how close the power system is to its operational limit, the critical buses and areas prone to voltage collapse. It also seeks to define the necessary reinforcement actions to improve the voltage stability margin. In these analyses, it is common for the joint use of static methods such as P-V and V-Q analyses associated with the steady-state modal analysis applied to the reduced Jacobian matrix [1,2,3,4,5,6,7,8,9,10,11,12,13].



The P-V analysis is used to obtain a power system’s maximum loading point (MLP), i.e., the maximum additional load that the system can supply starting from a base case [8,9]. Next, it must be verified if the power system margin meets the values recommended by the electric sector. According to the Western System Coordinating Council (WSCC), its member utilities must have at least a 5% P-V margin under any single-element contingency [6,7]. If the recommendation is not met, the type, location and size of appropriate reinforcement must be identified to prevent voltage instability. In such cases, the steady-state modal analysis has been used since it allows us to infer whether the electric power system is operating near the voltage collapse point and identify which areas are more prone to voltage instability so that corrective measures are taken [14,15]. Setting the best placement and amount of the reactive power source is very important in today’s electricity market. The steady-state modal analysis has been applied to assist in solving the problem of the allocation of reactive power sources in the electric power network. In contrast, the Q-V analysis determines the reactive power margin and the amount of the shunt reactive power compensation source on specific buses. The most common and less expensive kind of shunt reactive power compensation is the shunt capacitive compensation. Its use has several benefits, such as an increased loading margin and decreased active and reactive transmission losses. The transmission losses involve high capital costs since they represent 5 to 10% of the total generation [16]. These losses can significantly increase with the load increase, usually accompanied by a deterioration in the voltage profile [17]. The reactive power loss reduction involves direct economic gain due to the reduction in the active power losses and, thus, a lower production cost. Moreover, with the increased availability of reactive power, a larger steady-state voltage stability margin and an improved voltage profile can be obtained. The load bus participation factor values provided by the modal analysis indicate the best places (buses) for shunt reactive power compensation since they associate the variation in reactive power with voltage variation [14,15,18,19,20].



The amount of reactive power compensation needed to take the system to a secure operating point is determined by the V-Q curve, which is obtained by adding a fictitious synchronous condenser at the chosen bus, converting it from the PQ to the PV type with infinite reactive capability [8,9,14]. For the selected bus, the reactive power outputs are obtained by solving a power flow for each voltage magnitude value specified. For a given loading condition, the reactive power margin (RPM) available at the bus is computed by the difference between the zero reactive power output of the synchronous condenser (the current operating point) and its value at the bottom of the V-Q curve. The RPM decreases as the load increases, and the condition of maximum active power transfer without reactive compensation occurs when the V-Q curve is tangent to the horizontal axis (V axis); the system is at the critical level. Several procedures have been proposed to improve the steady-state voltage stability margin using off-line and on-line redispatching of the reactive power injection of generators, the allocation and setting of reactive power sources, and in emergencies, the load shedding strategies [18,19,20,21,22]. In [18], the reactive injection from generators and synchronous condensers is rescheduled to improve the voltage stability margin. The method uses the active participation factors given by the modal analysis technique to define penalty factors for Var sources incorporated into the optimal power flow (OPF) formulation. In [19], the voltage stability margin is indirectly increased using participation factors derived from the critical eigenvectors of the Jacobian matrix at the MLP. The redispatch process involves taking actions based on the modal participation factors calculated for generator and load buses. To supply generators that have a negative impact on the system margin, as indicated by the modal index, these generators receive high costs in the objective function of the optimal power flow (OPF) program utilized during the redispatch process. In [20], the voltage stability margin is improved through reactive power rescheduling. The reactive power of generators is increased or decreased by adding penalty terms to the optimal power flow objective function according to ranking coefficients obtained using modal analysis. The method has been simulated using both coefficients, the reactive index (for all generators) and active index (for all generators except for the slack bus), as ranking coefficients.



Numerous algorithms have been proposed to optimize distributed generators’ placement and size to reduce power system losses and improve voltage profiles [23]. These algorithms aim to enhance the efficiency and reliability of power systems by strategically determining the most suitable locations and capacities for distributed generation (DG). However, they are still subject to several limitations. In [23], a reconfiguration methodology was introduced utilizing a hybrid optimization algorithm that combined the genetic algorithm with the improved particle swarm optimization algorithm. This methodology aimed to minimize active power loss while maintaining the voltage magnitude at approximately 1 pu. Simulation results demonstrated the effectiveness and promise of this approach in optimizing network reconfiguration problems, yielding an average reduction in real power loss of 40%.



In [21], an OPF is used to make a redispatch of the active/reactive power injection of generators. During the proposed procedure’s application, the generators and shunt capacitor participation factors are obtained by modal analysis for each new operating point. Units with a negative impact on loading margin are penalized with high costs and considered in the objective function of the OPF.



Several other methods using the multi-objective approach for the optimum shunt reactive power compensators’ placement and sizing have also been reported in the literature [24,25,26,27,28,29]. FACTS devices, DG and shunt capacitors are frequently considered for these methods. Reducing power system losses, improving the voltage profile and increasing system voltage stability are common goals in a multi-criterion objective function. To reduce the starting point dependence, evolutionary techniques have been applied to solve the optimal power flow problem. A nonlinear equality and inequality constrained multi-objective optimization problem has been proposed in [24]. A new evolutionary technique, bacteria foraging, solves the optimization problem. Real power loss minimization and voltage stability limit maximization are considered in the objective function to obtain the transformer tap values, the location, and both the magnitude and phase angle of the series injected voltage of a unified power flow controller. A solution procedure based on particle swarm optimization (PSO) for determining the optimal location and size of shunt devices was proposed in [25], aiming at increasing the system voltage stability margin while maintaining an acceptable voltage profile. PSO was also used to determine the most sensitive buses to be candidates for the shunt devices’ installation. In [26], PSO was used to solve the multi-objective function, considering the minimization of power losses and the maximization of bus and line transmission voltage stability for optimal DG placement and sizing. Stability indexes were used to find the power system’s weakest voltage bus and transmission line. In [27], the optimal location and size of shunt reactive compensators were obtained using a metaheuristic optimization technique to enhance the voltage stability, improve the voltage profile and minimize the power loss while minimizing the total cost. First, the suitable buses were identified by the modal analysis method and then used by the algorithm to determine the optimal sizing of shunt compensators. A total voltage stability index for overall stability assessment, used as the objective function for optimizing the settings of compensation devices, was proposed in [28]. A hybrid differential evolution algorithm was used to solve the optimization problem of voltage stability enhancement, reduce the line losses, and determine the locations and sizes of shunt reactive compensators, the tap settings of on-load tap changing (OLTC) transformers, and excitation settings of synchronous condensers. A new overall voltage stability index was proposed in [29] to improve the voltage stability margin. The optimal size and location of DG units were determined by defining an objective function to minimize active power losses and maximize the proposed index. To solve the optimization problem, an imperialistic competitive algorithm method was used. In [30], a novel approach was introduced to reduce the total real power losses by utilizing a modified continuation power flow (MCPF) technique. An additional parameterization equation, considering the total real power losses and reactive power equations at generation buses, was incorporated into the conventional power flow equations to achieve this objective. The voltages at PV buses were treated as control variables, and a new parameter was selected to reduce the total real power losses. In contrast to the conventional power flow (CPF) method, which aims to determine P-V curves’ maximum loading point (MLP), the MCPF approach focuses on improving the loading margin by reducing real power losses through a continuation method. Unlike CPF, where the load and real power generation are increased in predefined directions, the MCPF technique maintains fixed values for these parameters.



This paper presents an alternative methodology to obtain the amount of shunt reactive power compensation. The goals are to simultaneously reduce the total reactive power losses, improve the voltage profile and increase the loading margin. The definition of the amount of shunt reactive compensation to be allocated is determined based on the curve of the total reactive power losses versus the voltage magnitude of a chosen bus. The places for shunt reactive compensation are defined by the load bus participation factors of the critical mode provided by the static modal analysis. The simulation results employing shunt capacitors obtained with the new approach for the IEEE test systems (14, 57 and 300 buses) are presented and discussed. The results show that the procedure leads to a reduction in total reactive and active power losses and, simultaneously, an improvement in the voltage profile and loading margin. Moreover, comparisons between the solutions of an OPF [31], the MCPF presented in [30] and the proposed method show that it can provide similar results for the loading margin increase. Therefore, it can be a reasonable power system voltage stability enhancement alternative.




2. Proposed Method to Obtain the Amount of Shunt Reactive Power Compensation


The V-Q approach is a steady-state method of static voltage stability analysis used to determine the reactive power margin on specific buses, generally the critical buses of a power system network. In the proposed method, the static modal analysis is realized after determining the maximum loading point (MLP), and the bus of participation factors (pfki) corresponding to the smallest eigenvalue, i.e., the critical mode, is provided. Next, the reactive power analyses are made for all the load buses indicated by the load bus participation factors. Tracing total reactive power losses versus bus voltage magnitude (V−Qloss) and total reactive power losses versus generated reactive power (Qgen−Qloss) curves is similar to that used to trace the V−Q curve. To produce the curves, the bus type is changed from PQ to PV, successive values of voltage magnitudes are specified, and the corresponding values of total reactive power losses (Qloss) and generated reactive powers (Qgen) are computed and stored. Then, both curves are traced with the stored values, as shown in Figure 1a,b (refer to Appendix A for the flowchart). To exemplify the proposed methodology and the creation of Figure 1a,b, the IEEE 14 buses test system was used. The voltage magnitudes and the generated reactive power values are represented on the abscissa axis, and the total reactive power losses (Qloss) as the ordinate. The reactive power losses are given by [32]:


   Q  loss     =     ∑  k , m   ∈   Ω    [ −  b  k m   s h     (    V k 2      +    V m 2    )   −    b  k m     (    V k 2    +    V m 2    −   2    V k     V m    cos (  θ k  −  θ m  )   ) ]  



(1)




where: Vk and Vm and θk and θm are the respective magnitudes and angles of the nodal voltage of bus k and m, Ω is the set of all network buses, and bkm and bkmsh the respective series susceptance and shunt charging of the line transmission between buses k and m. The generated reactive power is calculated by [9]:


   Q genk  ( θ   , V , λ ) = λ  Q  loadk   sp   +  Q k  ( θ   , V )  



(2)




where λ is the loading factor, V and θ are the respective vectors of the nodal voltage magnitudes and phase angles, and    Q  loadk   sp     is the reactive power consumed at PV buses. For a bus k, Qk(θ,V) are given by [32]:


   Q k    θ   , V   =  V k    ∑  m = 1   N B     V m       G  k m   sin    θ k  −  θ m    −  B  k m   cos    θ k  −  θ m       



(3)




where NB is the number of buses of the system, Gkm and Bkm are the real and imaginary parts of the element km of the nodal admittance matrix Y = [G] + j[B], respectively.



As shown in Figure 1a,b, the base case operating point (point “O”) corresponds to the total reactive power loss at the base case (QlossBC = 31.2162 MVar), where the generated reactive power (Qgen) is zero, which corresponds to the intersection of the curve with the ordinate axis in Figure 1b. Point M corresponds to the lowest total reactive power loss (30.9954 MVar) obtained by the reactive power compensation at the bus. The total reactive power loss reduction (RLR) is calculated by:


  RLR   =         Q   loss B C   −   Q   loss C Q       Q   loss B C         × 100  



(4)




where: QlossCQ is the total reactive power loss at base case considering the shunt reactive power compensation. The total loss reduction (31.2162 − 30.9954 = 0.2208 MVar) corresponds to the distance from the bottom of the curve (point M) to the horizontal dashed line passing through point O. From Figure 1b it can be seen that the reactive power compensation needed is of 9.478 MVar at the voltage magnitude of 1.047 pu, this is not a fixed value, but it varies with the voltage square (Qgen =BV2). Therefore, considering the installation of a shunt capacitor bank (B) of 8.6461 MVar at a nominal voltage magnitude of 1.0 pu, a total reactive power loss reduction of 0.7073% is obtained. The load margin increase (LMG) is calculated by:


     LMG     =       L  M  C Q     −     L  M  B C     L  M  B C         ×   100  



(5)




where: LMBC and LMCQ are the power system loading margin at base case without and with a shunt reactive power compensation, respectively.




3. Test Results


Intending to point out the features of the proposed methodology, numerical tests were conducted on the IEEE test systems (14, 57 and 300 buses). These systems were chosen due to their different characteristics. The IEEE-14 presents a simple topology close to a radial structure, formed by nine load buses (PQ), four generation buses (PV) and one slack bus; the IEEE-57 presents a mesh grid topology with a ring structure, with one slack bus, six PV buses and fifty PQ buses; and the IEEE-300 is a large and heavily loaded system with characteristics commonly found in natural, sizeable electric power systems, and this system presents one slack bus, sixty-eight PV buses and two hundred and thirty-one PQ buses. The reactive power generation limits of the PV buses are taken into account in all the tests. The load and generation variations occur according to the loading factor (λ). The P-V curves are traced starting from the base case (λ = 1) until very close to the MLP. A continuation power flow (CPF) using the loading factor (λ) as a parameter is used for tracing all the P-V curves [9,33,34]. The CPF is calculated by (6), with more details of this in [35]:


     Δ P  = λ   P    s p    −  P  (  θ , V  ) =  0       Δ Q  = λ   Q    s p    −  Q  (  θ , V  ) =  0     



(6)







For (6), assume that the grid loading is proportional to the base case and consider the power factor constant. The vectors Psp and Qsp can also be defined as being equal to (kPgPgsp + kPcPcsp) and kQcQcsp, respectively. The kPg, kPc and kQc vectors are fixed parameters that characterize a specific load scenario. From the base case (λ = 1), the value of λ gradually increases until close to the MLP (due to the singularity of the Jacobian matrix). The P-V curves are traced from a given base case until a very close point to the maximum loading point (MLP). The active and reactive loads and active generation variations occur according to the loading factor λ, i.e., proportionally to their corresponding base case values [35]. The CPF method employs the local parameterization technique to eliminate the Jacobian matrix’s singularity at MLP. This involves altering the parameter in the vicinity of MLP from the loading factor (λ) to a newly selected variable. The selection of an appropriate continuation parameter depends on the variable that exhibits the highest rate of change near a specific solution. Typically, the voltage magnitude of bus k (Vk) is regarded as the parameter near MLP. Once a few points on the curve have been traversed, it reverts to λ. Note that a sign change in Δλ indicates that the MLP has just been passed, and therefore, its corresponding value in the previous point is considered the target value.



To be most effective, the modal analysis should be performed in MLP or as close to it as possible [14]. Thus, to have a more precise value of MLP for the application of modal analysis to obtain the participation factors of the critical mode, during the P-V curve tracing, a mismatch convergence threshold of 10–8 pu is adopted and a step size control method based on the normalized tangent vector is used [36]. The step size (σ) is given by   σ =        σ 0   /    t      2   , where       t    2    is the Euclidean norm of the tangent vector [dθ dV dλ]T, and σ0 is a predefined scalar. The value of 0.1 was adopted for σ0 for all the analyzed systems. As the system becomes stressed, i.e., closer to the MLP, the norm of the tangent vector increases and σ decreases. To avoid the numerical difficulties that occur in the vicinity of the MLP, due to the singularity of the Jacobian matrix, the voltage magnitude with the largest variation is considered as a parameter and is now considered a dependent variable. It is important to note that the step size control method remains based on a normalized tangent vector considering λ as a parameter, and thus, the obtained operating points will always belong to the upper part of the curve but never to its lower part. The step size convergence threshold was also 10–8 pu. With this procedure, eigenvalues smaller than 10–7 are obtained for all the studied systems. To trace the curve of total reactive power losses versus the bus voltage magnitude, the mismatch convergence threshold is 10–5 pu.



3.1. Performance of the Proposed Method to Determine the Total Reactive Power Loss Reduction (RLR) of IEEE-14


Figure 2a shows the P-V curves of the IEEE-14 system considering the reactive power limits of generators (PV buses). The maximum loading points of IEEE-14 with and without the limit control of reactive power were obtained following the P-V curve tracing procedure described in Section 3. The difference between the maximum loading point (λ = 1.7444 pu) and that of the base case (λ = 1), i.e., the loading margin, is approximately 74.44%. It represents a loading margin reduction of 75.558% compared to that of the base case (λ = 4.0209 pu) without reactive power limits, highlighting the importance of reactive power availability for active power transfer.



From the voltage profile presented in Figure 2b, it can be seen that at MLP, the smaller voltage magnitudes, in ascending order, occur for buses 14, 13, 12, 10 and 11. It can also be seen that all the reactive power limits of the four PV buses are reached since the current–voltage magnitudes (in red in Figure 2b) are smaller than the respective specified values (in cyan in Figure 2b). Thus, as shown in Table 1, at MLP, the reduced Jacobian matrix (JR) presents thirteen eigenvalues: nine from PQ buses and four from PV buses, which switch to the PQ type when their limits are violated. Figure 2c presents the respective pfki corresponding to the smallest eigenvalue (9.569 × 10−7), i.e., for the critical mode. Note that its value is an indication that the system is very close to the MLP, in which the determinant of the Jacobian matrix is zero.



Table 2 and Figure 2 present the simulation results for the IEEE-14 obtained by the total reactive power losses versus bus voltage magnitude curve methodology presented in Section 2, considering the reactive power limits at generator buses (PV buses). The second column of Table 2 shows the values of the participation factors of the critical mode placed in descending order along with its bus number identification that is presented in the first column. The fifth column presents the reactive power of capacitor banks (Qgen) for which the smaller total reactive power losses occur, while the other columns contain the respective values of the total active (Ploss) and reactive (Qloss) power losses, the bus voltage magnitudes at the base case (|VBC|), the loading factor and the voltage magnitudes of the critical bus (|V|), the load margin increase (LMG) computed by (5) and the total reactive power losses reduction computed by (4). As presented in the 11th column of Table 2, compared to the base case value, the largest reduction in the total reactive power loss (26.8085 − 26.4508 = 0.3577 Mvar or 1.334% by using (5)) occurs with the inclusion of a capacitor bank of 26.6529 MVar at bus 5. However, the most effective buses to make the shunt compensation aimed at reducing losses and increasing the loading margin can be seen in columns 10 and 12 of Table 2, and in Figure 3b,c. According to the results, it is verified that the most efficient buses for increasing the loading margin are the buses 9, 10, 11, 13, 12, 14 and 7, whereas for total reactive power loss reduction the most efficient are the buses 14, 13, 10, 9 and 11. These buses are also indicated by the participation factors of the critical mode as shown in Figure 3a.



Figure 2e shows the voltage and angle profiles obtained by the MCPF [30], and the OPF [31] methods, and considering the inclusion at buses 14 and 5 of the capacitor banks obtained by the proposed method, which are presented in the fifth column of Table 2. The voltage and angle profiles presented in Figure 2e show that the operating points obtained by all the methods are close to each other. Figure 2d shows the P-V curves traced by using a CPF and, as a starting point, the respective converged solution of the MCPF, the OPF and the proposed method. Their respective MLPs can be seen in the fourth column of Table 3, where a comparison between the performance of the methods is presented. By the inclusion of capacitor banks, the obtained loading margin is improved by about 7.7%, with a reactive power reserve (RPR) of 69.9 MVar in the generators (PV buses), i.e., an addition of 32.8 MVar in the base case value (37.1 MVar). Loading margin increases of 14% and 14.7% are provided starting from the respective converged solutions of the OPF and MCPF methods but at the expense of the addition of lower reactive power reserves of 17.3 MVar and 12.5 MVar, respectively.



Figure 3 compares the influence of the reactive power limits of generators (PV buses) on the performance of the proposed method. Note from Figure 3a that the values of the load margin increases obtained with shunt compensation, but without considering the reactive power limits at the PV buses, are relatively smaller than those obtained considering the limits. This shows the greatest importance that shunt compensation presents for systems with reactive power supply restrictions in the generators.



Figure 4a,b present, in percent, the respective amounts of loading margin increase (LMG) and total reactive power losses reduction (RLR) obtained when a shunt capacitor bank of 5 MVar is applied separately on each one of the load buses of IEEE-14 indicated by the participation factors, considering the reactive power limits at the PV buses. The results obtained by the proposed methodology can be validated by comparing the results presented in Figure 4a,b with those of the respective Figure 3a,b, with reactive power limits at PV buses.




3.2. Performance of the Proposed Method to Determine the Total Reactive Power Loss Reduction (RLR) of IEEE-57


Figure 5a shows the P-V curves of the IEEE-57 system considering the reactive power limits of PV buses. The loading factor at MLP obtained by a CPF is 1.5331 pu. The total reactive and active power losses at the base case are 9.2769 MVar and 28.6127 MW, respectively. From the voltage profile at MLP presented in Figure 5b, it can be seen that the smaller voltage magnitudes occur in the vicinity of bus 31, this being the lowest. It can also be seen that, different from the IEEE-14 where all the voltage magnitudes including the PV buses are below 0.95 pu, in this system, the voltage magnitude of all load buses (in blue in the figure) is below 0.95 pu, despite the voltage magnitudes specified for the PV buses (in red in the figure) being practically attended at MLP. This voltage sag occurs mainly near the critical bus (bus 31), which can be seen (in red) in the single-line diagram of Figure 6.



Table 4 shows the IEEE-57’s five lowest eigenvalues, while Table 5 shows the results obtained by the method for the buses indicated by the first ten and, aiming to compare, three of the smallest participation factors, corresponding to the lowest eigenvalue found (4.0875 × 10−8). The lowest eigenvalue indicates that the operating point corresponds to a point very close to the MLP.



The first column of Table 5 indicates the buses in the order given by the participation factors (second column). Columns 2, 10 and 12 of Table 5 and Figure 7 show the values of the participation factors, loading margin increase and total reactive power losses reduction per unit of the capacitor bank. From the analysis of these results, it concluded that the more efficient locations (buses) to perform shunt compensation in order to reduce the total reactive power losses and increase the loading margin are buses 25, 30, 32, 33 and 31. This is the same set of buses (buses physically interconnected) which belongs to the critical area identified by the participation factor indicated by the participation factors of the critical mode as shown in Figure 7a. Note from the single-line diagram of IEEE-57 that bus 25 is already installed with a capacitor bank of 5.9 MVar.



It should also be noted from columns 10 and 12 of Table 5 that the loading margin increase and total reactive power losses reduction are relatively larger than those of IEEE-14. Thus, the great importance that the shunt compensation has for this system can be seen, as in this case, despite the availability of reactive power in the generators, the increase in the loading margin and the loss reduction basically occurs at the expense of shunt compensation. Note also that although buses 44 and 52 are among the three with the smallest participation factors, they are also indicated by the proposed method as candidates to increase the loading margin and reduce the total reactive power losses. Figure 8b,c,e present the respective percentages of loading margin increase (LMG) and total reactive (RLR) and active (ALR) power losses reductions, obtained with a shunt capacitor bank of 10 MVar applied separately at each one of the load buses indicated in the first column of Table 5. Compared with those presented in Figure 7 and Figure 8c, the coherence of the results provided by the analysis can be confirmed.



Figure 9 shows the voltage profiles of the base case without and with the shunt reactive power compensation of 13.1128 MVar at bus 31, as obtained by the proposed method in Table 5. The improvement in the voltage profile of the base case followed by a reduction of about 2.2 MVar and 0.45 MW on the reactive and active power losses and an increase of about 7% in the loading margin can be verified, which represents an increase of about 22 MW (or 62 MVA) in the power transfer capacity. The respective generated reactive powers for the base case and after the shunt reactive power compensation are 326.4 MVar and 311.6 MVar. As a direct consequence, a reactive power reserve of 14.8 MVar is obtained in the generators, fulfilling with this the recommendations of the planning procedure related to reactive power compensation; to prevent or delay voltage collapse, one must create reactive reserves by bringing shunt capacitors into service as much as possible and/or reducing the transmission losses to allow existing generators to be run with an increased reactive margin [37].



Figure 9b shows the voltage and angle profiles obtained by the MCPF [30] and the OPF [31] methods, and considering the inclusion of capacitor banks obtained by the proposed method at buses 31 and 44, whose values are presented in the fifth column of Table 5. The voltage and angle profiles presented in Figure 9e show that the voltage profile of the base case is improved, while the angle profile is practically maintained. They also do not differ much from those obtained by the other two methods. The P-V curves traced by using a CPF are shown in Figure 9c. Their respective MLPs can be seen in the fourth column of Table 6, where a comparison between the performance of the methods is presented. By the inclusion of capacitor banks, the obtained loading margin is improved by about 21.3%, with a reactive power reserve (RPR) of 372.3 MVar in the generators (PV buses), i.e., an addition of 69.7 MVar in the base case value (302.6 MVar). A loading margin increase of 24.5% is provided, starting from both converged solutions of the OPF and MCPF methods. Nevertheless, at the expense of a respective reduction of 13.8 MVar and 96.5 MVar on the reserve of reactive power of the base case, it is needed for the base case real power losses reduction. Therefore, it can be concluded that the proposed method improves the loading margin and the voltage profile, comparable to the other two methods.




3.3. Performance of the Proposed Method to Determine the Total Reactive Power Loss Reduction (RLR) of IEEE-300


Figure 10a presents the P-V curves of the IEEE-300 system. This figure shows a system with voltage instability problems with strong local characteristics [38]. In this kind of system, a voltage profile of a small area, or voltage magnitude of only a few buses, does not remain within the normal range of operation. Moreover, the difference between the maximum loading point (λ = 1.0552 pu) and the base case (λ = 1), i.e., the loading margin, is approximately 5.52%, which shows that this is also a heavy-loaded system.



The five lowest eigenvalues and the results obtained by the method for the buses indicated by the first ten participation factors, corresponding to the lowest eigenvalue (2.817 × 10−7), are shown in Table 7 and Table 8, respectively. The first two columns of Table 8 indicate the bus numbers listed in the System Data and the respective internal numbers of the buses, in the order given by the participation factors (third column). Figure 10a and column 3 of Table 8 show the participation factor values. Columns 11 and 13 of Table 8 show the values of total reactive power losses reduction and loading margin increase per unit of the shunt capacitor bank. From these results, it can be concluded that the two main locations (buses) that are most efficient at performing shunt compensation in order to reduce the total reactive power losses and increase the loading margin are the buses 236 and 56. These are the same buses identified by participation factors of the critical mode as shown in Figure 10b. Note that buses 52–54 are also indicated by the proposed method as candidates for loading margin increase and total reactive power loss reduction.



Figure 11a–c present the values of participation factors, and of total reactive power losses reduction and loading margin increase per unit of the capacitor bank. Intending to compare the results provided by the analysis, Figure 11d,e present the respective percentages of loading margin increase (LMG) and total reactive power losses reductions (RLR) obtained with a shunt capacitor bank of 10 MVar applied separately at each one of the load buses indicated by the participation factor. Comparing these with the respective Figure 11b,c, the coherence of the results provided by the analysis can be confirmed.



Figure 10c shows the P-V curves traced by using a CPF starting from the converged solutions obtained by the MCPF and OPF methods [31], and considering the inclusion of capacitor banks obtained by the proposed method at buses 236 and 54, whose values are presented in the sixth column of Table 8. Their respective MLPs can be seen in the fourth column of Table 9, where a comparison between the performance of the methods is presented. By the inclusion of capacitor banks, the obtained loading margin is improved by about 131.2%, with a reactive power reserve (RPR) of 6831.4 MVar in the generators (PV buses), i.e., an addition of 795.3 MVar in the base case value (6036.3 MVar). Loading margin increases of 95.5% and 60.5% are provided starting from the respective converged state of the MCPF and OPF methods. The reserves of reactive power provided by the MCPF and OPF methods are 884.6 MVar and 407.3 MVar, respectively.



As can be seen from Table 8, as a consequence of the shunt reactive power compensation of 34.94 MVar only at bus 236, as indicated by the proposed method in Table 9, an improvement of about 91% in the loading margin was obtained, close to the 95% provided by the MCPF, and higher than that provided by the OPF. This improvement in the loading margin represents an increase of about 1181.00 MW (or 1244.03 MVA) in the power transfer capacity. Note that in this system, shunt capacitor banks of 55 and 325 MVAr can be found. The respective generated reactive powers for the base case and after the shunt reactive power compensation are 8131.26 MVar and 8066.94 MVAr. Furthermore, the compensation provides a reduction of about 29.11 MVar and 3.12 MW on the reactive and active power losses, respectively.





4. Conclusions


In this paper, an alternative methodology, based on the curve of the total reactive power losses versus the voltage magnitude of a chosen bus, is used to obtain the precise amount of shunt reactive power compensation in order to simultaneously reduce the total reactive power losses, improve the voltage profile and increase the loading margin. The participation factors obtained by applying static modal analysis indicate the best places for shunt reactive compensation. It was confirmed that the buses with more significant participation factors further increased the system load margin. Generally, they are also suitable for total reactive power loss reduction. From the proposed analysis, obtaining a significant load margin increase and loss reduction with shunt reactive power compensation was possible. Moreover, comparisons between the results obtained by the proposed method with those of an OPF and an MCPF procedure show that it can provide similar results for the loading margin increase. Thus, it can be a reasonable alternative to power system voltage stability enhancement.
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Nomenclature




	CPF
	Continuation power flow



	RPM
	Reactive power margin



	OPF
	Optimal power flow



	DG
	Distributed generation



	PSO
	Particle swarm optimization



	MCPF
	Modified continuation power flow



	pfki
	Participation factor



	Qloss
	Total reactive power losses



	LMG
	Load margin increase



	RPR
	Reactive power reserve



	RLR
	Total reactive power losses reduction



	MLP
	Maximum loading point



	ALR
	Total active power losses reduction



	P-V
	Voltage versus active power curve



	PV
	Generation bus



	PQ
	Load bus



	pu
	Per unit



	λ
	Loading factor








Appendix A


Procedure used to obtain the V−Qloss and Qgen−Qloss curves [1]. The curves are simultaneously produced by running a series of load flow cases.



	
For a power flow base case, a fictitious synchronous condenser is added to a selected bus and the bus type is changed into a fictitious PV bus;



	
Vary the condenser scheduled output voltage magnitude (V) in small steps (usually 0.01 pu or less);



	
Solve the power flow case;



	
Record the specified bus voltage magnitude (V) value, and by using (1) and (2), respectively, compute and store the corresponding values of total reactive power losses (Qloss—Equation (1)) and generated reactive power (Qgen—Equation (2));



	
Repeat steps 2 to 4 until sufficient points have been collected;



	
Plot the V−Qloss and Qgen−Qloss curves.
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Figure 1. (a) Total reactive power losses in the function of bus voltage magnitude (V−Qloss), (b) total reactive power losses in the function of generated shunt reactive power (Qgen−Qloss). 
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Figure 2. IEEE-14 system with the reactive power limits of PV buses: (a) P-V curves, (b) voltage profile at MLP, (c) bus participation factor of the critical mode of JR matrix, and (d) P-V curves and (e) voltage and angle profiles obtained with loss reduction procedures: inclusion of the shunt reactive power compensation by the proposed method, and from the converged state of MCPF and OPF methods [30,31]. 
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Figure 3. Influence of reactive power (Q) limits (with and without reactive power limits at PV buses) on the performance of the proposed method for IEEE-14: (a) loading margin increase and (b) total reactive power losses reduction normalized by the shunt reactive power compensation. 
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Figure 4. Influence of 5 Mvar of shunt reactive power compensation at each load bus of IEEE-14: (a) loading margin gain, and (b) total reactive power losses reduction. 
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Figure 5. IEEE-57 system with the reactive power limits of PV buses: (a) P-V curves, (b) participating factor, (c) voltage profile at MLP. 
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Figure 6. Single-line diagram of IEEE-57 system, showing the vicinity of the critical bus (bus 31) affected by the voltage sag. 
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Figure 7. Performance of the proposed method for IEEE-57: (a) bus participation factors, (b) loading margin increase and (c) total reactive power losses reduction, normalized by shunt reactive power compensation. 
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Figure 8. Influence of 10 Mvar of shunt reactive power compensation at load bus of IEEE-57: (a) bus participation factors, (b) loading margin gain, (c) total reactive power losses reduction, (d) total active power losses reduction, normalized by shunt reactive power compensation (Table 5) and (e) total active power losses reduction. 






Figure 8. Influence of 10 Mvar of shunt reactive power compensation at load bus of IEEE-57: (a) bus participation factors, (b) loading margin gain, (c) total reactive power losses reduction, (d) total active power losses reduction, normalized by shunt reactive power compensation (Table 5) and (e) total active power losses reduction.
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Figure 9. Performance comparison of different methods for IEEE−57: (a) base case voltage profile improvement obtained by the inclusion of a capacitor bank at bus 31, and improvement on (b) voltage and angle profiles, and (c) P-V curves obtained with loss reduction procedures: inclusion of the shunt reactive power compensation by the proposed method, and from the converged state of MCPF and OPF methods [30,31]. 
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Figure 10. IEEE-300 bus system with the reactive power limits of PV buses: (a) PV curves, (b) participating factor and (c) P-V obtained with loss reduction procedures: inclusion of the shunt reactive power compensation by the proposed method, and from the converged state of MCPF and OPF methods [30,31]. 
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Figure 11. Performance of the proposed method for IEEE-300: (a) bus participation factors, (b) loading margin increase, (c) total reactive power losses reduction, normalized by shunt reactive power compensation, and (d) loading margin increase and (e) total reactive power losses reduction, considering a shunt reactive power compensation of 10 MVar at each one of the load buses, as indicated by the participation factors of the critical mode. 






Figure 11. Performance of the proposed method for IEEE-300: (a) bus participation factors, (b) loading margin increase, (c) total reactive power losses reduction, normalized by shunt reactive power compensation, and (d) loading margin increase and (e) total reactive power losses reduction, considering a shunt reactive power compensation of 10 MVar at each one of the load buses, as indicated by the participation factors of the critical mode.



[image: Energies 16 05867 g011]







[image: Table] 





Table 1. Eigenvalues of IEEE-14 at MLP (λ = 1.7444 pu) considering the reactive power limits of PV buses.
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Eigenvalues






	
1

	
49.8855

	
4

	
18.2429

	
7

	
9.57 × 10−7

	
10

	
1.7919

	
13

	
3.7170




	
2

	
32.7039

	
5

	
15.0458

	
8

	
9.9911

	
11

	
3.1807

	

	




	
3

	
24.8312

	
6

	
11.8664

	
9

	
7.4626

	
12

	
3.7522

	

	











[image: Table] 





Table 2. Simulation results for the IEEE-14 obtained by the total reactive power losses versus bus voltage magnitude curve method considering the reactive power limits at PV buses (QlossBC = 26.8085 MVar; PlossBC = 13.3589 MW).






Table 2. Simulation results for the IEEE-14 obtained by the total reactive power losses versus bus voltage magnitude curve method considering the reactive power limits at PV buses (QlossBC = 26.8085 MVar; PlossBC = 13.3589 MW).





	
Bus

	
pfki

	
Total Power Losses

	
Qgen (MVar)

	
|VBC| (pu)

	
MLP

	
LMG

	
RLR




	
MVar

	
MW

	
λ

	
|V| (pu)

	
(%)

	
(%)/Qgen

	
(%)

	
(%)/Qgen






	
14

	
0.1421

	
26.5531

	
13.3271

	
9.4645

	
1.0420

	
1.7632

	
0.6077

	
2.5255

	
0.2668

	
0.9527

	
0.1007




	
13

	
0.1151

	
26.6141

	
13.3170

	
9.4841

	
1.0480

	
1.7636

	
0.5997

	
2.5793

	
0.2720

	
0.7251

	
0.0765




	
10

	
0.1118

	
26.5889

	
13.3700

	
11.4135

	
1.0550

	
1.7681

	
0.6010

	
3.1838

	
0.2789

	
0.8191

	
0.0718




	
12

	
0.1069

	
26.7261

	
13.3600

	
6.6069

	
1.0490

	
1.7577

	
0.5946

	
1.7867

	
0.2704

	
0.3074

	
0.0465




	
9 *

	
0.1052

	
26.6097

	
13.3920

	
12.9381

	
1.0580

	
1.7715

	
0.6035

	
3.6405

	
0.2814

	
0.7416

	
0.0573




	
11

	
0.1038

	
26.6883

	
13.3648

	
8.2846

	
1.0540

	
1.7615

	
0.5963

	
2.2972

	
0.2773

	
0.4484

	
0.0541




	
7

	
0.0735

	
26.6888

	
13.3828

	
13.7776

	
1.0630

	
1.7715

	
0.6004

	
3.6405

	
0.2642

	
0.4465

	
0.0324




	
4

	
0.0319

	
26.5858

	
13.4919

	
23.4095

	
1.0370

	
1.7783

	
0.5972

	
4.5540

	
0.1945

	
0.8307

	
0.0355




	
5

	
0.0265

	
26.4508

	
13.4542

	
26.6529

	
1.0440

	
1.7822

	
0.5978

	
5.0779

	
0.1905

	
1.3343

	
0.0501








* adding the 19 MVar already installed: 12.9381 + 19 =31.9381 MVar.













[image: Table] 





Table 3. Comparison between the performances of the methods for the IEEE-14.
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Method

	
Total Power Losses

	
MLP (pu)

	
LMG (%)

	
RLR (%)

	
RPR (MVar)




	
MVar

	
MW






	
Proposed

	
26.31

	
13.48

	
1.8015

	
7.7

	
1.9

	
32.8




	
MCPF

	
20.14

	
12.36

	
1.8496

	
14.1

	
24.9

	
17.3




	
OPF

	
20.05

	
12.36

	
1.8537

	
14.7

	
25.2

	
12.5











[image: Table] 





Table 4. Eigenvalues of IEEE-57 at MLP (λ = 1.5331 pu) considering the reactive power limits of PV buses.
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Eigenvalues






	
1

	
4.0875 × 10−8

	
2

	
0.2302

	
3

	
0.5067

	
4

	
0.6259

	
5

	
0.7973
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Table 5. Simulation results for the IEEE-57 obtained by the total reactive power losses versus bus voltage magnitude curve method considering the reactive power limits at PV buses (QlossBC = 9.2769 MVar; PlossBC = 28.6127 MW; λBC = 1.5331 pu).
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Bus

	
pfki

	
Total Power Losses

	
Qgen (MVar)

	
|VBC| (pu)

	
MLP

	
LMG

	
RLR




	
MVar

	
MW

	
λ

	
|V| (pu)

	
(%)

	
(%)/Qgen

	
(%)

	
(%)/Qgen






	
31

	
0.1875

	
7.1177

	
28.1639

	
13.1128

	
0.9490

	
1.5703

	
0.5290

	
6.9781

	
0.5322

	
23.2750

	
1.7750




	
30

	
0.1296

	
7.3450

	
28.2446

	
13.3944

	
0.9670

	
1.5734

	
0.5175

	
7.5596

	
0.5644

	
20.8248

	
1.5547




	
33

	
0.1285

	
7.0448

	
28.0796

	
13.6213

	
0.9630

	
1.5721

	
0.5129

	
7.3157

	
0.5371

	
24.0608

	
1.7664




	
32

	
0.1250

	
6.9535

	
28.0195

	
14.2520

	
0.9670

	
1.5743

	
0.5175

	
7.7284

	
0.5423

	
25.0450

	
1.7573




	
25 *

	
0.0971

	
7.4933

	
28.2849

	
13.7465

	
0.9810

	
1.5754

	
0.5055

	
7.9347

	
0.5772

	
19.2263

	
1.3986




	
34

	
0.0244

	
6.3518

	
28.1569

	
27.2923

	
0.9600

	
1.5813

	
0.4879

	
9.0415

	
0.3313

	
31.5310

	
1.1553




	
24

	
0.0192

	
7.0144

	
28.5009

	
28.9904

	
0.9740

	
1.5870

	
0.4976

	
10.1107

	
0.3488

	
24.3885

	
0.8413




	
35

	
0.0186

	
5.8424

	
28.1158

	
33.4938

	
0.9650

	
1.5878

	
0.4884

	
10.2607

	
0.3063

	
37.0221

	
1.1053




	
26

	
0.0175

	
7.2592

	
28.4618

	
27.6420

	
0.9740

	
1.5833

	
0.4909

	
9.4166

	
0.3407

	
21.7497

	
0.7868




	
36

	
0.0146

	
5.3792

	
28.0349

	
39.6976

	
0.9720

	
1.5946

	
0.4891

	
11.5363

	
0.2906

	
42.0151

	
1.0584




	
44

	
0.0055

	
4.8561

	
28.1944

	
62.9070

	
1.0080

	
1.6111

	
0.4894

	
14.6314

	
0.2326

	
47.6538

	
0.7575




	
52

	
0.0051

	
8.4653

	
28.5753

	
20.4903

	
0.9750

	
1.5574

	
0.4598

	
4.5582

	
0.2225

	
8.7486

	
0.4270




	
5

	
0.0020

	
9.2298

	
28.8963

	
41.6759

	
1.0050

	
1.5615

	
0.4367

	
5.3273

	
0.1278

	
0.5077

	
0.0122








* adding the 5.9 MVar already installed: 13.7465 + 5.9 = 19.6465 MVar.
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Table 6. Comparison between the performances of the methods for the IEEE-57.
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Method

	
Total Power Losses

	
MLP (pu)

	
LMG (%)

	
RLR (%)

	
RPR (MVar)




	
MVar

	
MW






	
Proposed

	
3.84

	
28.11

	
1.6465

	
21.3

	
58.6

	
69.7




	
MCPF

	
−28.52

	
24.27

	
1.6637

	
24.5

	
407.4

	
−13.8




	
OPF

	
−35.54

	
23.32

	
1.6637

	
24.5

	
483.1

	
−96.5
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Table 7. Eigenvalues of IEEE-300 at MLP (λ = 1.0552 pu) considering the reactive power limits of PV buses.
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Eigenvalues






	
1

	
2.817 × 10−7

	
2

	
0.0530

	
3

	
0.0774

	
4

	
0.1547

	
5

	
0.1651
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Table 8. Simulation results for the IEEE-300 obtained by the total reactive power losses versus bus voltage magnitude curve method considering the reactive power limits at PV buses (1.0552 pu, QlossBC = −247.5605 MVar; PlossBC = 421.5985).






Table 8. Simulation results for the IEEE-300 obtained by the total reactive power losses versus bus voltage magnitude curve method considering the reactive power limits at PV buses (1.0552 pu, QlossBC = −247.5605 MVar; PlossBC = 421.5985).





	
Bus

	
pfki

	
Total Power Losses

	
Qgen (Mvar)

	
|VBC| (pu)

	
MLP

	
LMG

	
RLR




	
Next.

	
Nint.

	
Mvar

	
MW

	
λ

	
|V| (pu)

	
(%)

	
(%)/Qgen

	
(%)

	
(%)/Qgen






	
526

	
236

	
0.5061

	
−276.6732

	
418.4839

	
34.9407

	
1.0040

	
1.1054

	
0.8540

	
90.9420

	
2.6028

	
11.7598

	
0.3366




	
64

	
56

	
0.1561

	
−308.5092

	
415.7998

	
155.4983

	
1.0700

	
1.1272

	
0.9338

	
130.4348

	
0.8388

	
24.6197

	
0.1583




	
57

	
49

	
0.0160

	
−284.6383

	
421.7103

	
219.9109

	
1.0670

	
1.1102

	
0.7366

	
99.6377

	
0.4531

	
14.9773

	
0.0681




	
58

	
50

	
0.0135

	
−287.0551

	
420.9570

	
202.2765

	
1.0510

	
1.1154

	
0.7336

	
109.0580

	
0.5392

	
15.9535

	
0.0789




	
59

	
51

	
0.0127

	
−308.0960

	
421.2889

	
379.1207

	
1.1470

	
1.1284

	
0.7508

	
132.6087

	
0.3498

	
24.4528

	
0.0645




	
61

	
53

	
0.0115

	
−331.5521

	
417.0649

	
484.6615

	
1.1450

	
1.1286

	
0.7869

	
132.9710

	
0.2744

	
33.9277

	
0.0700




	
62

	
54

	
0.0053

	
−344.5709

	
411.3851

	
477.6080

	
1.1590

	
1.1201

	
0.9343

	
117.5725

	
0.2462

	
39.1865

	
0.0820




	
144

	
123

	
0.0045

	
−324.6337

	
413.5548

	
454.3194

	
1.1630

	
1.1181

	
0.9345

	
113.9493

	
0.2508

	
31.1331

	
0.0685




	
55

	
48

	
0.0016

	
−280.2207

	
425.9959

	
180.1651

	
1.1110

	
1.0831

	
0.7283

	
50.5435

	
0.2805

	
13.1928

	
0.0732




	
60

	
52

	
0.0015

	
−342.0928

	
417.1495

	
298.6518

	
1.1370

	
1.1059

	
0.7479

	
91.8478

	
0.3075

	
38.1855

	
0.1279
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Table 9. Comparison between the performances of the methods for the IEEE-300.
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Method

	
Total Power Losses

	
MLP (pu)

	
LMG (%)

	
RLR (%)

	
RPR (MVar)




	
MVar

	
MW






	
Proposed 1

	
−276.67

	
418.48

	
1.1054

	
90.94

	
11.8

	
63.0




	
Proposed 2

	
−353.62

	
410.31

	
1.1276

	
131.16

	
42.9

	
795.3




	
MCPF

	
−1153.85

	
390.60

	
1.1079

	
95.47

	
366.1

	
884.6




	
OPF

	
−622.93

	
398.02

	
1.0886

	
60.51

	
151.6

	
407.3








1 Bank on the 236 bus; 2 Bank on the buses 236 and 54.
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