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Abstract

:

This study presents a procedure for placing static var compensators (SVC) in an EPS using the fuzzy c-means clustering technique. For this purpose, the optimal power flow (OPF) is initially quantified to obtain the sensitivity array of the system based on the Jacobian of the system. Then, the attenuation and electrical distance matrices are estimated. Subsequently, the fuzzy c-means clustering algorithm is used with the initially estimated cluster identification criterion to obtain the voltage control areas (VCAs). On the other hand, the criterion of minimizing the installation costs of the SVCs is used in conjunction with the linear voltage stability index (LVSI) for the ideal arrangement of the compensators. This is applied to each VCA created. The technique described is applied to the 14-node and 30-node schemes to check their effectiveness. Additionally, the results obtained are compared with the Power Factory software and with similar studies. Finally, the proposed technique proves to be effective for the creation of VCAs and for the optimal placement of SVC equipment.
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1. Introduction


Reactive power (RP) is the irreal element of the complex power that is stored as magnetic and electric fields in inductors and capacitors [1]. RP is necessary for transferring useful energy in an alternating current (AC) system since it enables maintaining voltage stability in an electric power system (EPS). Although this is an important aspect of power flow, it is considered an important barrier to obtaining quality power and a constant voltage [2]. Many devices exchange (absorb or inject) reactive power with the electrical network, such as inductive loads, load peaks, energy theft, or the connection of various generation units to the distribution network. Therefore, during regular daily operations, the voltage in various buses across the system increases or decreases. The voltage at the receiving end depends on the reactive power within the system. Hence, appropriate voltage control and reactive power compensation are required to regulate the system voltage and reduce active power losses [3,4,5,6,7,8,9,10,11,12].



Reactive power control leads to an improvement in the performance of AC supply systems. Compensation has two important aspects, namely, load compensation and voltage support. In this sense, load compensation addresses various issues such as power factor, real power equilibrium, and voltage regulation and eliminates system harmonics. On the other hand, voltage support reduces voltage variation at any end of the transmission line [13]. As such, reactive power (VAR) compensation promotes the stability of the AC system, since it increases the maximum level of active power that may be transferred.



In contrast, FACTS controllers provide an excellent capability to regulate the alternating current (AC) supply since they increase or decrease power flow in a specific line and respond almost instantaneously to stability issues [14]. A flexible alternating current transmission system (FACTS) is a static device used to transmit alternating current. The device enables us to increase maximum transmission power and improves power management capability. FACTS devices are based on power electronics and are of two types, series and parallel [15].



To address power system problems regarding voltage stability, FACTS devices may be installed at different locations of the EPS [16]. A FACTS device may be located at any bus or line of the system, but its performance varies depending on the location [17]. As such, in order to maximize the general performance of the system and guarantee an appropriate investment in FACTS devices, it is necessary to define the optimal position and size of these devices to provide effective control of the variables of interest [18].



The selection of the optimal location and size is based on economic feasibility, security, reliability, availability perspective, and supply quality. In this sense, various authors have proposed studies that help to optimize the problem of placing FACTS devices [19].



A moth flame (GBO-MFO) metaheuristic method is proposed in [20] to optimize the placement of three FACTS units (SVC, TCSC, and TCPS). In addition, additional objective functions are considered to minimize production costs and reduce power losses, as well as reduce costs and losses in the case of uncertain demand [21,22]. In this sense, hybrid gradient (GBO) and GBO-MFO optimization algorithms are used for the optimization. The test system was used to verify the effectiveness of this method in the IEEE 30-bus model.



A metaheuristic optimization technique is presented in [23] for an electric network that consists of stochastic resources of renewable energy and FACTS devices. In this sense, the profiles of renewable energy resources (photovoltaic and wind) are generated based on the stochastic probability prediction model. Similarly, the new metaheuristic optimization techniques proposed in the study are the marine predator algorithm (MPA), jellyfish search (JS), slime mold algorithm (SMA), and artificial ecosystem-based optimization (AEO). These techniques are compared with a common metaheuristic optimization such as particle swarm optimization (PSO), to address different optimal power flow (OPF) problems under different power operation scenarios. The objective functions used in the study seek to reduce the generation cost, energy losses, and voltage deviation in the power network. In addition, the system proposed is used in the IEEE 30-bus test model.



A methodology to improve the voltage profile through the ideal placement of SVC devices is described in [24]. Consequently, the SVC device is modeled mathematically in the Newton–Raphson power flow problem. In this way, the voltage profiles and flows through lines are quantified to determine the power losses before and after the ideal placement of the SVC devices. The effectiveness of the system is verified in the IEEE 9-bus and 30-bus systems.



Optimal placement of SVC and STATCOM on the EPS is carried out in [25]. For this purpose, the lighting attachment procedure optimization (LAPO) algorithm is determined. In this algorithm, the candidate buses, which are considered the most appropriate buses to be connected with the compensation devices, are determined based on the loss sensitivity indices (LSI). This step is necessary to reduce the search space and the computation time. Then, the LAPO is applied to calculate the best size and to determine the appropriate type of compensation devices in parallel with the EPS. The results are compared with modern optimization techniques, such as teaching–learning-based optimization (TLBO), genetic algorithms (GA), and PSO optimization, to confirm the applicability of the proposed technique. In addition, the test models are the 14 and 30-node systems.



An exhaustive review of optimal placement and dimensioning of the distribution static compensator (DSTATCOM) is conducted in [26]. For this purpose, the study used various approaches, such as analytical methods, artificial neural networks (ANNs), and metaheuristic methods, combined with sensitivity approaches, such as the voltage stability index and the power loss index, to choose the optimal placement and size of the DSTATCOM.



A review of multiple FACTS devices is presented in [2], which focuses on various metaheuristic optimization approaches for optimal placement and size.



Voltage stability is defined as the capability of the system to preserve the nominal voltage at all nodes close to the normal operating condition after a failure has occurred [27]. Voltage instability in the system is due to an insufficient reactive supply source or to an unnecessary reactive power absorption, which leads to voltage collapse, especially when the system is highly loaded. At this point, the system is not able to hold the generation and network programming, and thus reactive power support is key to preserving the voltage stability of the system.



Voltage stability indices (VSI) are defined as indicators to detect voltage collapse points in an EPS. VSIs are capable of identifying weak lines and buses in the network, both in offline and online modes, through phasor measuring units or static analysis, which provide information about the stability of the line connected between two nodes for different loading conditions. These are useful for determining the optimal placement and size of FACTS devices. Similarly, VSIs are a real-time indicator to determine the instability related to the voltage through the wide-area measurement system and phasor measurement unit (PMU-WAMS) [28]. The evaluation of voltage stability for a given EPS involves two elements, namely, the proximity indicated by the closeness to voltage instability and the instrument that contributed to the voltage instability. In addition, the key factors that contribute to instability are the weak voltage zones and the areas involved [29]. The proximity provides an indicator for voltage reliability, whereas the mechanism provides valuable documentation about how to prevent voltage instability for new system adaptations or operational approaches.



Voltage stability studies may be analyzed using different approaches, either static or dynamic [30]. Although voltage stability is a dynamic phenomenon, studies may be conducted using simulations of transient stability or extended medium term. Nevertheless, these activities do not provide documentation about susceptibility or stability level; in addition, they require a long time since they need to be tested under different system conditions in multiple contingency scenarios, which may be carried out using steady-state analysis [31]. Static voltage stability approaches are based on the model of steady-state analysis, which is based on the power flow equation, or the linearized dynamic model described by the steady state.



Classification of procedures for static voltage stability analysis is based on the main idea of VSI formulation, the maximum power that can be transferred through a single line, the existence of solutions for the voltage equation, PV curve, Lyapunov stability theory, Jacobian matrix, and maximum power transfer theorem [32].



In [33], the VSI classification is based on system variables, Jacobian matrix, and PMU (observability and local measurement). However, it is preferable to classify VSIs based on their type, namely, line VSI, node VSI, and general VSIs [34].



This study proposes to address the voltage stability problem through the suitable placement of SVC devices, considering the LVSI index. For this purpose, an OPF is calculated to obtain the power flows through the lines, to further divide the EPS into multiple subsystems. In order to divide the EPS, the Jacobian matrix of the system is analyzed, from which the sensitivity matrix and the table of electric distances are obtained.



The latter represents the degree of coupling between the system buses, and it is used to create multiple groups, where the strongly coupled nodes are grouped according to the physical connection of the system. In this sense, the technique used for such grouping is the fuzzy c-means clustering algorithm.



Then, the LVSI stability index is quantified in each group, and the optimization function based on the SVC implementation cost is formulated to obtain the best position of the device in each group.




2. Materials and Methods


The objective of the optimal power flow (OPF) is to determine the output dispatches of active and reactive power for each generation unit in a system where it is required to supply power to all the loads at a minimum cost while simultaneously honoring the technical constraints of the network [35].



Based on the above, it is deduced that the voltage magnitudes should be at acceptable levels of operation across the entire network. Moreover, the capacity limits of the transmission lines should be honored.



In the OPF, the dispatch of active and reactive power is determined with the purpose of reducing the energy fare; however, it is possible to consider different objectives, such as minimizing the active power losses in the network. One of the key constraints that should be considered in the OPF is the balance of active and reactive power (Equation (1)) across the system nodes [36].


    ∑   g ∈  Ω i     P g  −   ∑   d ∈  Δ i     L d P  =   ∑   k ∈  Λ i     P  i k    ( · )   



(1)







The active power output of generation unit g is called Pg, whereas the set of units located at node i is represented as Ωi. The active power of load d is denoted as    L d P   , the group of demands at bus i is represented as ∆i, and Pik(∙) refers to the active power transmitted from node i to node k through transmission line ik. At last, Λi refers to the set of nodes connected directly to node i through a transmission line. Another important aspect is the balance of reactive power (Equation (2)) at every node of the network.


    ∑   g ∈  Ω i     q g  −   ∑   d ∈  Δ i     L d Q  =   ∑   k ∈  Λ i     q  i k    ( · )   



(2)







The reactive power at the output of generation unit g is denoted as qg, whereas    L d Q    refers to the reactive power at load d; similarly, qik(∙) corresponds to the reactive power transmitted from node i to node k through transmission line ik. On the other hand, in the OPF it is necessary to find the reactive power that flows between nodes i − k (Equation (3)) through transmission line ik.


    p  i k    ( · )  =  v i 2   Y  L i k   cos  (   θ  L i k    )       −    v i   v k   Y  L i k   cos  (   δ i  −  δ k  −  θ  L i k    )       +    1 2   v i 2   Y  S i k   cos  (   θ  S i k    )    



(3)







The voltage magnitudes at nodes i and k are denoted as vi and vk, whereas YLik and YSik refer to the admittance in parallel and in series, respectively, of transmission line ik. Similarly, the reactive power qik that flows through nodes i − k should be calculated (Equation (4)).


    q  i k    ( · )  = −  v i 2   Y  L i k   sin  (   θ  L i k    )     −  v i   v k   Y  L i k   sin  (   δ i  −  δ k  −  θ  L i k    )     −  1 2   v i 2   Y  S i k   cos  (   θ  S i k    )    



(4)







Now, it is necessary to consider that any generation unit g with the capability of producing active power must honor a lower and an upper limit (Equation (5)).


   P g  m i n   ≤  P g  ≤  P g  m a x    



(5)







The minimum limit of active power generation is denoted as    P g  m i n    , whereas the maximum limit is represented as    P g  m a x    .



Similarly, any generation unit that is online is able to produce reactive power honoring a lower and an upper limit (Equation (6)).


   Q g  m i n   ≤  q g  ≤  Q g  m a x    



(6)







The minimum limit of reactive power generation is denoted as    Q g  m i n    , whereas the maximum limit is represented as    Q g  m a x    .



It is also necessary to calculate the apparent power (Equation (7)) that flows from node  i  to node  k  through transmission line   i k  .


   S  i k    ( · )  = +    p  i k      ( · )   2  +  q  i k      ( · )   2     



(7)







Similarly, the limit of the apparent power (Equation (8)) transmitted through the power transmission lines should be considered. This limit is related to the thermal capacity of the line conductors.


  +    p  i k      ( · )   2  +  q  i k      ( · )   2    ≤  S  i k   m a x    



(8)







The limit of the apparent power that circulates through the power transmission lines is denoted as    S  i k   m a x    . On the other hand, it is necessary to consider the upper (   V i  m i n    ) and lower (   V i  m a x    ) limits of the magnitude of voltage    v i    (Equation (9)).


   V i  m i n   ≤  v i  ≤  V i  m a x    



(9)







In this context, the limits of the angles of voltage (Equation (7)) and reference node (Equation (8)) are established (Equation (8)).


  − π ≤  δ i  ≤ π  










   δ i  = 0  



(10)







At last, the objective function (Equation (9)) enables us to find the active and reactive power produced by each generation unit, while honoring the aforementioned constraints.


    ∑  g   C g  ·  p g   



(11)







The marginal production cost for each active power generation unit is denoted as    C g   .



Flexible AC transmission systems (FACTS)



FACTS are devices that include power electronics and static controllers designed to increase performance and improve EPS control.



The main technology of FACTS is the power semiconductors since they enable a fast response compared to electromechanically switched systems. On the other hand, FACTS are capable of modulating the injection of reactive power, which is used for stabilizing the EPS after a significant disturbance; in addition, some controllers are capable of injecting active power to dampen the system.



Consequently, FACTS are useful to address problems related to the dynamic or transient stability limits of the EPS, and they are also used if a system that controls mechanical power or a system that controls active power flow has a limited duty cycle.



Static var compensator (SVC)



It is a static reactive power generator connected in parallel with the load, where the output is adjusted to exchange capacitive or inductive current for preserving or handling a specific variable of the EPS. In general, the control variable in the EPS is the voltage at the end node [37]. The SVCs have two popular configurations. The first consists of a fixed capacitor (FC) and a thyristor-controlled reactor (TCR), whereas the second consists of a thyristor-switched capacitor (TSC) and a TCR. At the limit of the minimum or maximum susceptance, the SVC behaves as a fixed capacitor or an inductor. In addition, the selection of the appropriate size is one of the important issues in the application of SVCs with respect to the improvement of voltage stability [38].



Ideal location of the SVC



The ideal location of this type of device is related to the installation cost. In other words, the installation of SVC devices at all nodes of the EPS implies very high costs. Therefore, it is necessary to find the optimal place within the EPS. For this purpose, it is necessary to estimate the installation cost according to the reactive power (Equation (10)) [39].


   C  S V C   = 0.0003  Q k 2  − 0.3051  Q k  + 127.38  



(12)







For this purpose, Qk refers to the reactive power capacity of the installed SVC, given in Mvar. Similarly, the installation cost of an SVC device with low capacity implies a high cost, as opposed to a high-capacity unit, which has low installation costs (Figure 1). As it is a quadratic function, it can be observed that the lowest installation costs appear in capacities close to 500 Mvar. An increase in the price of installing the SVC device occurs for capacities lower or higher than this value.



Representative zones in the EPS



The technical approach is based on the PV curve method in conjunction with modal analysis. For this purpose, a system space of operation is defined based on a broad range of loading conditions, dispatch conditions, and defined transactions. Then, a comprehensive set of contingencies that cover a variety of credible threats is established. Consequently, using the PV curves, the system is driven through each condition under all contingencies until the point of voltage instability is found [40].



In this manner, the voltage control area (VCA) is identified for each case using modal analysis. In this sense, at the point of instability, a modal analysis is performed by means of the PV curve to determine the critical mode, which is defined by a set of participation factors of the node corresponding to the eigenvalue [41].



The results of the modal analysis are collected in a data bank for their further analysis using data mining methods, with the purpose of identifying the VCAs of the EPS.



At the same time, there are requirements of the reactive reserve to select the VCAs. This makes reference to the relationship between the concept of Q–V sensitivity and modal analysis. This is useful to determine the zone prone to voltage instability. Therefore, the network constraints are expressed in the following model linearized around the given operation point (Equation (11)) [42].


∆P  JPθ  JPV

[∆Q] = [JQθ  JQV]



(13)







Here, ∆P refers to the incremental variation in the real power of the node, ∆Q is the gradual variation of the bus reactive power, ∆θ corresponds to the gradual transition in the voltage angle, ∆V represents the progressive transition of the voltage level, and JPθ, JPV, JQθ, and JQV are Jacobian submatrices.



The components of the Jacobian array provide the sensitivity between the power flow and the variations in the node voltage. Although both P and Q affect voltage stability to a certain extent, the main interest is the dominant relationship between Q and V Therefore, at each operation point, a continuous P must be maintained, and the voltage stability must be evaluated, taking into account the gradual relationship between Q and V. Based on the previous consideration, the incremental relationship between Q and V is expressed by means of Equation (12), considering that ∆P is equal to 0 [43].


  Δ Q =  J R  + Δ V  



(14)






   J R  =  [   J  Q V   −  J  Q θ      J  P θ   − 1      J  P V    ]   



(15)






  Δ V =  J R  − 1   ∗ Δ Q  



(16)






   J R  − 1   =  [    ∂ V   ∂ Q    ]   



(17)







In this case, JR is the reduced Q–V Jacobian submatrix. Similarly,    J R  − 1     is the Q–V sensitivity array. Likewise, the i-th element in the diagonal of matrix    J R  − 1     is the Q–V sensitivity at bus i, which assumes the slope of the Q–V curve at a specific operating point. In this context, a positive Q–V sensitivity requires an invariant operation, i.e., a smaller sensitivity results in a more stable system. This is due to the fact that the sensitivity becomes infinity at the limit of stability. In addition,    J R  − 1     is a whole matrix whose elements correspond to the expansion of the voltage difference across the system after a supply of reactive power in the bus [44].



Inspection of Q–V sensitivity



The Q– sensitivity provides information about the combined effects of all the fluctuation modes of the reactive power with respect to the voltage. The relationship between the Q–V sensitivities of the buses and the eigenvalues may be derived from Equation (15). Then, Equation (16) is obtained using the variables and the bi-dimensional arrays from the reduced Jacobian JR [45].


   J R  = ξ Λ η  



(18)







Here,   ξ =  [   ξ 1  ,    ξ 2  ,   … ,    ξ N   ]    is the matrix of the right eigenvector of    J R   ,   n =  [   n 1  ,    n 2  ,   … ,  n N   ]    is the array of the left eigenvector of    J R   , and  Λ  is the matrix of eigenvalues.


   J R  − 1   = ξ  Λ  − 1   η  



(19)






  Δ V = ξ  Λ  − 1   η ∗ Δ Q  



(20)






  Δ V =   ∑  i     ξ i     η i     λ i    ∗ Δ Q  



(21)







In the equations above,    λ i    is the i-th eigenvalue of    J R   , and    ξ i    and    η i    are the corresponding right and left eigenvectors. The Q–V bus sensitivities may be derived from Equation (19). For this purpose,   Δ Q =  e k   , where    e k    has all elements equal to zero except factor k, which is equal to 1. Thus, the Q–V sensitivity at bus k is given by Equation (20).


    ∂  V k    ∂  Q k    =   ∑  i     ξ  k i      η  k i      λ  k i      



(22)







In this case,    ξ  k i     and    η  k i     are the k-th elements of the right and left eigenvectors corresponding to the eigenvalue    λ i   .



The Q–V sensitivities provide information about the combined effects of all modes in the variation of the reactive power of the voltage. The magnitudes of the specific variables may provide a relative dimension close to voltage instability. Therefore, when the system reaches the critical point of voltage stabilization, modal analysis helps to determine the critical region of voltage stabilization and the buses involved in each busbar.



The relative participation of bus k in mode i is given by the bus participation factor (Equation (21)) [45].


   P  k i   =  ξ  k i      η  k i    



(23)







Creation of VCAs using fuzzy c-means



The most popular clustering method is fuzzy c-means, which is of great interest due to its fast convergence. Consequently, this strategy is used to identify the VCAs after performing the power flow and estimating the     ∂  V k    ∂  Q k      sensitivity array.



The fuzzy c-means technique is based on the Euclidean distance with the addition of a membership vector, which is defined as a distance between two points that would be quantified with a rule. Therefore, in the space of dimension N, the Euclidean distance between two points P and Q is represented by Equation (22).


   ‖ P − Q ‖ =         (   p 1  −  q 1   )   2  +    (   p 2  −  q 2   )   2  + ⋯ +    (   p n  −  q n   )   2        



(24)







Here,    p i    −    q i    is the coordinate of p − q in dimension  i . With respect to this, fuzzy c-means uses the Euclidean distance concept to measure the similarity or dissimilarity between each point of the data array and the center of the clusters. This enables us to determine the cluster to which the best point corresponds. In contrast, the technique attempts to separate the data points into an appropriate number of clusters, such that the sum of the Euclidean distances of all points of the data array to the center of the corresponding cluster is minimized [40].



Linear voltage stability indicator



This indicator is used to evaluate voltage safety based on a reduced model of the system. Therefore, the LVSI enables us to easily estimate how close or far the current system operation state is from voltage collapse because it increases linearly as the load increases. Thus, the voltage collapse will occur when the LVSI is close to one. The LVSI is determined using Equation (23) [46].


  L V S I =    d p  +  d q     d 0     



(25)







Problem Formulation



During the operation and interruption of some lines or critical equipment, the EPS may become unsafe and vulnerable to voltage collapse and instability. This is due to the lack of reactive power support and to network overloading. In addition, generators have a limited reactive power capacity, which cannot be used effectively because generation is located far from the load. Another important aspect is that generators sometimes should reduce their real power with the purpose of fulfilling the reactive power required by the system, which leads to a loss of opportunities in the electric market. Similarly, a low-voltage scenario implies a reduction of the load. Therefore, reactive power compensators are required in the transmission regime to preserve the voltage profile and, thus, improve the steady-state and dynamic performance of the EPS.



For this reason, a clustering process of coherent nonoverlapping nodes is proposed. These clusters refer to the sets of nodes that constitute a VCA only if they are, from the electrical point of view, sufficiently disconnected from the areas close to them (Algorithm 1).





	
Algorithm 1. Procedure for the creation of VCAs




	
1

	
Enter OPF parameters




	
2

	
Determine OPF




	
3

	
Quantify Jacobian array

       [      Δ P       Δ Q      ]  =  [       J  P θ        J  P V          J  Q θ        J  Q V        ]   




	
4

	
Extract matrix JQV

        J  Q V   =   ∂ V   ∂ Q    




	
5

	
Invert array JQV

       Δ Q =  J R  + Δ V  

        J R  =  [   J  Q V   −  J  Q θ      J  P θ   − 1      J  P V    ]   

       Δ V =  J R  − 1   ∗ Δ Q  

        J R  − 1   =  [    ∂ V   ∂ Q    ]   




	
6

	
Obtain the sensitivity set     ∂  V k    ∂  Q k     

       J R  = ξ Λ η  

      Δ V = ξ  Λ  − 1   η ∗ Δ Q  

      Δ V =   ∑ i      ξ i     η i     λ i    ∗ Δ Q  

        ∂  V k    ∂  Q k    =   ∑ i      ξ  k i      η  k i      λ  k i     = a  




	
7

	
Estimate the array of attenuations    α  i j    

        α  i j   =    a  i j      a  j j      




	
8

	
Collect the matrix of electrical distances    D  i j    

        D  i j   = − log  (   α  i j   ,  α  j i    )   




	
9

	
Normalize the electrical distances Dij

        D  i j   =    D  j i     max  (   D  i 1   , … ,  D  i N    )     







In this case, each VCA is constituted by those nodes that have an important connection or electrical dependence on each other.



Therefore, the voltage scheme of a node in any VCA is effectively managed by means of the reactive power supports in it; similarly, the controls within an area are influenced by other areas. Therefore, Algorithm 1 is used to obtain normalized electrical distances, which are useful for applying the subsequent clustering process (Algorithm 2).



	
Algorithm 2. Identification of VCAs




	
1

	
Enter electrical distances Dij determined using Algorithm 1




	
2

	
Arbitrarily choose k initial cluster centers

        Z 1   ( 1 )  ,  Z 2   ( 1 )  , … ,  Z k   ( 1 )   




	
3

	
Distribute the samples {X} among the k domains

Do for all r until k

  Si   ∥ x −  Z j   ( r )  ∥ < ∥ x −  Z i   ( r )  ∥  

                     x ϵ  S j   ( r )   




	
4

	
Calculate the new cluster centers Zj (r + 1)

Do for all j until k

        Z j   (  k + 1  )  =  1 N     ∑   X ∈  S j   ( k )     X  




	
5

	
Verify convergence

Do for all  j  until  k 

If Zj (r + 1) = Zj (r)

Algorithm converges

Print VCA

Otherwise

Return to Step 2









Algorithms 1 and 2 are used to obtain the VCAs in an EPS. In other words, various weakly coupled clusters are generated within the same system. These should be compensated separately, for which an optimization system is formulated based on the implementation price of SVC equipment (Algorithm 3).



	
Algorithm 3. Calculation of LVSI index




	
1

	
Compute OPF




	
2

	
Obtain the equivalent sum of the load and the generation

        P  L o a d   =    ∑  1 n    P L     

       Q  L o a d   =    ∑  1 n    Q L   

       P g  =    ∑  1 n    P g   

       Q g  =    ∑  1 n    Q g   




	
3

	
Determine the equivalent impedance and the angle

        z  e q   =  R  e q   + j  X  e q    

      θ ≦  z  e q    




	
4

	
Quantify    d p   ,    d q    y    d 0   

       d p  =  |  E ∗  (    1 −     1 − 4 p r    E 2        2 ∗ cos  ( θ )     )   |   

       d q  = E ∗  (    1 −     1 − 4 p r    E 2        2 ∗ sin  ( θ )     )   

       d 0  = E ∗  (    sin  ( θ )  + cos  ( θ )  − 1   2 ∗ sin  ( θ )  ∗ cos  ( θ )     )   




	
5

	
Determine the LVSI

      L V S I =    d p  +  d q     d 0     









Thus, the expression to optimize corresponds to the reduction of the investment cost of the SVC active in the system together with the LVSI stability indicator (Equation (24)), which is quantified through Algorithm 3. At the same time,    y j    is controlled using the sum of binary variables related to the connectivity of the system (Equation (25)). Similarly, to avoid placing an SVC device in a bus with the generation, the product of the active SVC (   y j   ) and the connection mapping of each generator is made (Equation (26)).


  m i n   ∑   j = 1  k   C j  ∗  y j  ∗ L V S I  



(26)






   y j  +   ∑       j = 1       i = j      k  x  ( i )  ≥ 1  



(27)






    ∑       j = 1       i = j      k  y  ( i )  ∗ g e n  ( i )  ≤ 0  



(28)







In this case,    C j    refers to the investment cost of the SVC,    y j    makes reference to a binary variable that controls the activation of the compensator device,   x  ( i )    corresponds to the connectivity array of the system, and   g e n  ( i )    is a binary array that indicates the connection node of the generator. Therefore, the proposed technique is applied to schemes of 14 (Figure 2) and 30 nodes (Figure 3).




3. Results


Three scenarios are presented to test the proposed technique for the ideal placement of SVC devices by means of clustering techniques and the LVSI voltage stability indicator. A different value of reactive power for the SVC device is considered in each case (1 Mvar, 3 Mvar, and 6 Mvar). Therefore, some variables are quantified in the 14-node and 30-node schemes, which include voltage profile, the behavior of the angle, power dispatch, and system losses. These variables are obtained using the proposed method and are compared with the results obtained in Power Factory.



IEEE 14-bus test system



Three clusters were created for the 14-node scheme (Table 1). The first cluster includes three nodes and one SVC device optimally placed. On the other hand, the second cluster consists of four nodes and two compensators, whereas the third cluster has seven nodes and three SVC devices (Figure 4). In addition, the LVSI for this scheme is 0.0641, which implies that the EPS is far from voltage collapse.



On the other hand, the voltage profile when the SVC device is not installed reaches a magnitude of 1.06 per unit in some nodes (Figure 5). In contrast, such a profile improves significantly after the SVC devices have been installed since the maximum value reached in some nodes is 1 per unit (Figure 6).



In addition, the voltage profile is reorganized such that it attempts to reach a value of one. Nevertheless, it is verified that an SVC with a capacity of 1 Mvar is the one that best compensates the voltage profile since SVCs of higher capacity do not contribute to a significant improvement compared to the 1 Mvar SVC. Similarly, the system angle profile without SVC is significantly corrected when a 1 Mvar SVC is installed (Figure 7).



An essential aspect that should be mentioned is that the angle profile worsens when an SVC with a large capacity is used (Figure 8).



Similarly, the nodal behavior of the reactive power substantially improves with the 1 Mvar SVC compared to the base system, which has no compensator (Figure 9).



In addition, the nodal reactive power increases significantly when very high-capacity compensators are used, but this does not imply a significant improvement in the nodal voltage profile (Figure 10).



Similarly, the reactive power losses decrease considerably when a 1 Mvar SVC device is installed (Figure 11), but for high values of SVC, these losses increase significantly in some nodes (Figure 12).



On the other hand, the results obtained for each scenario are compared with the ones obtained using Power Factory (Table 2).



With respect to this, it is evident that the magnitudes obtained in this research are similar to the ones given by the commercial software, although there is a certain degree of error in some cases.



IEEE 30-bus test system



Three clusters were created for the 30-node scheme (Table 3). The first cluster includes five nodes and two SVC devices optimally placed. Similarly, the second cluster consists of 13 nodes and 5 compensators, while the third cluster has 12 nodes and 4 SVC devices (Figure 13). In addition, the LVSI for this scheme is 0.0267, which implies that the EPS is far from voltage collapse.



On the other hand, when no SVC device is installed, the voltage profile reaches a magnitude of 1.06 per unit in some nodes (Figure 14). In contrast, the voltage profile significantly improves when SVC devices are installed since the maximum magnitude obtained in some nodes is 1 per unit (Figure 15).



In addition, the voltage profile is reorganized such that it attempts to reach a value of one. Nevertheless, it is verified that an SVC with a capacity of 1 Mvar is the one that best compensates the voltage profile since SVCs of higher capacity do not contribute a significant improvement compared to the 1 Mvar SVC.



Similarly, the system angle profile without SVC is significantly corrected when a 1 Mvar SVC is installed (Figure 16). An essential aspect that should be mentioned is that the angle profile worsens when an SVC with a large capacity is used (Figure 17).



Similarly, the nodal behavior of the reactive power substantially improves with the 1 Mvar SVC compared to the base system with no compensator (Figure 18).



In addition, the nodal reactive power increases significantly when very high-capacity compensators are used, but this does not imply a significant improvement in the nodal voltage profile (Figure 19).



Similarly, the reactive power losses decrease considerably when a 1 Mvar SVC device is installed (Figure 20), but for high values of SVC, these losses increase significantly in some nodes (Figure 21).



In this case, it is evident that the magnitudes obtained in this research are similar to the ones given by the commercial software, although there is a certain degree of error in some cases.



Finally, when the data obtained in this research are compared with the study proposed in [36], it is concluded that the technique proposed is effective, since the SVC devices are also placed efficiently in the aforementioned study.



The study proposed in [36] presents an approach to ideally place SVC with the purpose of improving the voltage profile. In this sense, it employs the    L j    voltage stability index. This indicator varies between zero and one, such that a magnitude closer to one implies that the EPS is very close to voltage instability.



Compared to the previously described study, the results obtained in this research are very similar, considering the LVSI stability indicator.



Table 4 shows a comparison of the voltage profile in the 30-node scheme (GAMS: Power Factory).




4. Discussion


Although the study presented achieved the ideal placement of SVC devices in the EPS, the number of compensators considered is limited since only one device was used. Therefore, as a future work, we suggest using the same proposed technique but with a larger number of devices, such as the STATCOM. Similarly, some indices may be considered, such as the voltage stability indicator (L-index), with the purpose of supplementing the criteria used in the research. In this manner, the effectiveness and precision of the proposed method could be improved.




5. Conclusions


This research has presented a method based on the fuzzy c-means clustering technique for placing SVC in an EPS.



The criterion to identify representative candidate nodes and the centroids for each group is based on the Euclidean distance between the members of the array. For this purpose, nodes with similar features are grouped, which is further verified using the connectivity matrix; this ensures that the grouped nodes are connected with each other.



On the other hand, for the ideal placement of SVC, it is necessary to model the devices of interest by means of the nodal power injection model. In this manner, the function associated with the installation cost of the compensator in each node of the system may be used in conjunction with the LVSI voltage stability indicator. Thus, the ideal location of compensators in each VCA is obtained. In addition, the method described in this research is effective since it is coherent with the products obtained in Power Factory as well as in similar studies.



Similarly, the application of the technique described in the 30-node scheme was demonstrated to be capable of identifying the VCAs and ideally placing the SVC. This contributes to strengthening the voltage scheme since the magnitude of the nodes is close to one. Likewise, the reactive power losses are reduced significantly, but this depends on the capacity of the SVCs installed in the EPS since a very high capacity causes a larger amount of losses in the EPS without significantly improving the voltage profile.
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Figure 1. SVC cost function. 
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Figure 2. IEEE 14-bus test system. 
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Figure 3. IEEE 30-bus test system. 
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Figure 4. VCAs in the IEEE 14-bus test system. 
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Figure 5. Voltage profile in the IEEE 14-bus test system. 
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Figure 6. Voltage profile in the IEEE 14-node system: SVC 3 and 6. 
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Figure 7. Angle profile in the IEEE 14-bus test system. 






Figure 7. Angle profile in the IEEE 14-bus test system.



[image: Electronics 12 00043 g007]







[image: Electronics 12 00043 g008 550] 





Figure 8. Angle profile in the IEEE 14-bus test system: SVC 3 and 6. 
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Figure 9. Profile of nodal reactive power in the IEEE 14-bus test system. 
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Figure 10. Profile of nodal reactive power in the IEEE 14-bus test system: SVC 3 and 6. 
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Figure 11. Profile of nodal reactive power for the IEEE 14-bus test system. 
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Figure 12. Profile of nodal reactive power for the IEEE 14-bus test system: SVC 3 and 6. 
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Figure 13. VCAs in the IEEE 30-bus test system. 
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Figure 14. Voltage profile in the IEEE 30-bus test system. 
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Figure 15. Voltage profile in the IEEE 30-bus test system: SVC 3 and 6. 
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Figure 16. Angle profile in the IEEE 30-bus test system. 
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Figure 17. Angle profile in the IEEE 30-bus test system: SVC 3 and 6. 
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Figure 18. Profile of nodal reactive power in the IEEE 30-bus test system. 
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Figure 19. Profile of nodal reactive power in the IEEE 30-bus test system: SVC 3 and 6. 
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Figure 20. Profile of nodal reactive power for the IEEE 30-bus test system. 
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Figure 21. Profile of nodal reactive power for the IEEE 30-bus test system: SVC 3 and 6. 
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Table 1. Resulting VCAs for the 14-node test scheme.
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VCA

	
Component

	
Placement of the SVC






	
1

	
12

	
-




	
13

	
X




	
14

	
-




	
2

	
6

	
-




	
9

	
X




	
10

	
-




	
11

	
X




	
3

	
1

	
-




	
2

	
-




	
3

	
-




	
4

	
X




	
5

	
X




	
7

	
X




	
8

	
-











[image: Table] 





Table 2. Comparison of the voltage profile in the 14-node scheme. GAMS vs. Power Factory.
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W/O SVC

	
SVC (1)

	
SVC (3)

	
SVC (6)




	
GAMS

	
Power

Factory

	
GAMS

	
Power

Factory

	
GAMS

	
Power

Factory

	
GAMS

	
Power

Factory






	
1.060

	
1.060

	
0.996

	
1.060

	
0.996

	
1.060

	
0.996

	
1.060




	
1.054

	
1.045

	
0.963

	
1.045

	
0.963

	
1.045

	
0.963

	
1.045




	
1.030

	
1.010

	
0.955

	
1.010

	
0.955

	
1.010

	
0.955

	
1.010




	
1.036

	
1.019

	
0.950

	
1.018

	
0.950

	
1.016

	
0.950

	
1.013




	
1.043

	
1.020

	
1.000

	
1.019

	
1.000

	
1.018

	
1.000

	
1.015




	
1.038

	
1.070

	
1.047

	
1.070

	
1.047

	
1.070

	
1.047

	
1.070




	
1.029

	
1.062

	
1.009

	
1.060

	
1.009

	
1.057

	
1.009

	
1.053




	
1.060

	
1.090

	
1.048

	
1.090

	
1.048

	
1.090

	
1.048

	
1.090




	
1.006

	
1.056

	
1.060

	
1.055

	
1.060

	
1.051

	
1.060

	
1.046




	
1.003

	
1.051

	
1.055

	
1.050

	
1.055

	
1.046

	
1.055

	
1.041




	
1.016

	
1.057

	
1.060

	
1.055

	
1.060

	
1.051

	
1.060

	
1.046




	
1.022

	
1.055

	
1.050

	
1.053

	
1.050

	
1.049

	
1.050

	
1.042




	
1.015

	
1.050

	
1.060

	
1.049

	
1.060

	
1.045

	
1.060

	
1.040




	
0.991

	
1.036

	
1.042

	
1.034

	
1.042

	
1.031

	
1.042

	
1.026
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Table 3. Resulting VCAs for the 30-node test scheme.
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VCA

	
Component

	
Placement of the SVC






	
1

	
25

	
-




	
26

	
X




	
27

	
X




	
29

	
-




	
30

	
-




	
2

	
12

	
X




	
13

	
-




	
14

	
-




	
15

	
-




	
16

	
-




	
17

	
X




	
18

	
-




	
19

	
X




	
20

	
-




	
21

	
X




	
22

	
-




	
23

	
-




	
24

	
X




	
3

	
1

	
-




	
2

	
-




	
3

	
X




	
4

	
X




	
5

	
-




	
6

	
-




	
7

	
X




	
8

	
-




	
9

	
X




	
10

	
-




	
11

	
-




	
28

	
-
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Table 4. Comparison of the voltage profile in the 30-node scheme. GAMS vs Power Factory.






Table 4. Comparison of the voltage profile in the 30-node scheme. GAMS vs Power Factory.





	
W/O SVC

	
SVC (1)

	
SVC (3)

	
SVC (6)




	
GAMS

	
Power Factory

	
GAMS

	
Power Factory

	
GAMS

	
Power Factory

	
GAMS

	
Power Factory






	
1.060

	
1.060

	
1.033

	
1.060

	
1.033

	
1.060

	
1.033

	
1.060




	
1.058

	
1.000

	
1.012

	
0.995

	
1.012

	
0.987

	
1.012

	
0.975




	
1.048

	
1.082

	
0.950

	
1.082

	
0.950

	
1.082

	
0.950

	
1.082




	
1.045

	
1.025

	
0.954

	
1.022

	
0.954

	
1.017

	
0.954

	
1.010




	
1.040

	
1.071

	
0.980

	
1.071

	
0.980

	
1.071

	
0.980

	
1.071




	
1.043

	
1.008

	
0.950

	
1.004

	
0.950

	
0.998

	
0.950

	
0.989




	
1.034

	
1.001

	
1.060

	
0.997

	
1.060

	
0.990

	
1.060

	
0.979




	
1.049

	
1.006

	
0.964

	
1.003

	
0.964

	
0.997

	
0.964

	
0.987




	
1.032

	
0.996

	
0.950

	
0.993

	
0.950

	
0.985

	
0.950

	
0.974




	
1.012

	
0.988

	
0.982

	
0.983

	
0.982

	
0.973

	
0.982

	
0.959




	
1.060

	
0.983

	
0.998

	
0.978

	
0.998

	
0.967

	
0.998

	
0.951




	
1.034

	
1.045

	
0.950

	
1.045

	
0.950

	
1.045

	
0.950

	
1.045




	
1.060

	
0.987

	
0.982

	
0.981

	
0.982

	
0.971

	
0.982

	
0.956




	
1.018

	
0.986

	
0.958

	
0.982

	
0.958

	
0.972

	
0.958

	
0.959




	
1.011

	
0.987

	
0.973

	
0.982

	
0.973

	
0.972

	
0.973

	
0.959




	
1.017

	
0.985

	
1.001

	
0.980

	
1.001

	
0.970

	
1.001

	
0.956




	
1.008

	
0.973

	
1.060

	
0.966

	
1.060

	
0.953

	
1.060

	
0.934




	
0.999

	
0.973

	
0.957

	
0.964

	
0.957

	
0.948

	
0.957

	
0.924




	
0.995

	
0.954

	
0.950

	
0.942

	
0.950

	
0.918

	
0.950

	
0.884




	
0.998

	
0.981

	
0.957

	
0.974

	
0.957

	
0.959

	
0.957

	
0.938




	
0.999

	
1.004

	
0.950

	
1.003

	
0.950

	
1.000

	
0.950

	
0.995




	
1.000

	
0.961

	
0.959

	
0.953

	
0.959

	
0.938

	
0.959

	
0.916




	
0.997

	
1.022

	
1.060

	
1.021

	
1.060

	
1.018

	
1.060

	
1.014




	
0.988

	
0.949

	
1.000

	
0.941

	
1.000

	
0.926

	
1.000

	
0.904




	
0.994

	
1.014

	
1.043

	
1.013

	
1.043

	
1.011

	
1.043

	
1.007




	
0.975

	
1.010

	
1.060

	
1.010

	
1.060

	
1.010

	
1.060

	
1.010




	
1.006

	
1.009

	
1.060

	
1.008

	
1.060

	
1.006

	
1.060

	
1.003




	
1.041

	
1.001

	
0.963

	
1.000

	
0.963

	
0.998

	
0.963

	
0.994




	
0.986

	
1.010

	
1.041

	
1.010

	
1.041

	
1.010

	
1.041

	
1.010




	
0.974

	
1.023

	
1.030

	
1.020

	
1.030

	
1.016

	
1.030

	
1.009
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