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Abstract

:

Increasing demand for electricity has placed heavy stress on power system security. Therefore, this paper focuses on the problem of how to maximize power system static security in terms of branch loading and voltage level under normal operation and even the most critical single line contingency conditions. This paper proposes a hybrid approach to find out the optimal locations and settings of two classical types of flexible AC transmission system (FACTS) devices, namely thyristor-controlled series compensators (TCSCs) and static var compensators (SVCs) for solving this problem. Our proposed approach requires a two-step strategy. Firstly, the min cut algorithm (MCA) and tangent vector technique (TVT) are applied to determine the proper candidate locations of TCSC and SVC respectively so as to reduce the search scope for a solution to the problem, and then the cuckoo search algorithm (CSA) is employed to solve this problem by simultaneously optimizing the locations and settings for TCSC and SVC installation. The proposed hybrid approach has been verified on the IEEE 6-bus and modified IEEE 14-bus test systems. The results indicate that CSA outperforms particle swarm optimization (PSO), proving its effectiveness and potential, and they also show that our proposed hybrid approach can find the best locations and settings for TCSC and SVC devices as an effective way for enhancing power system static security by removing or alleviating the overloads and voltage violations under normal operation and even the most critical single line contingency conditions. Using this hybrid approach, the search space for solution to the problem becomes limited hence the computational burden will be decreased.
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1. Introduction


Deregulation of the electric industry throughout the world, grid interconnections and ever continuous increasing demand for electricity have resulted in heavy stress on power systems. System operators are facing many challenges related to power system security. Various factors such as expansion of the generation and transmission systems cannot be match the growth in load. Meanwhile, the creation of electricity markets has led to the trading of significant amounts of electrical energy over long transmission distances, and also the number of unplanned power exchanges has increased due to the competition among utilities and contracts concluded directly between producers and consumers, which have weakened the level of security of power systems. As the power system becomes more complex and more heavily loaded and unexpected outages occur, the systems can be operated in unstable or insecure situations like transmission congestion and voltage violations. Therefore, the power system security has become an important and critical issue and obtained much attention in the deregulated power industry [1,2,3,4]. In order to eliminate or alleviate congestion and voltage violations and to improve system security, rather than constructing new lines, the existing power lines need to be utilized more efficiently. The reason is that building new transmission lines is rather time consuming and sometimes impossible, due to political and environmental problems in many countries. Hence, the first alternative provides an economically and technically attractive solution to power system security problem by use of some efficient controls [5], such as generation rescheduling, load shedding and controllable FACTS, etc. Although generation rescheduling [6] and load shedding [7] to eliminate/alleviate emergency transmission line overloads and bus voltage violations is an important problem in power system operation, these two ways may not be acceptable by both power providers and customers due to their significant effect on the existing power transaction contracts, so the use of controllable FACTS to enhance power system static security by eliminating/alleviating congestion and voltage violations is one of the main interests among current issues.



FACTS devices, which were first defined by Hingorani in 1988 [8], have a significant potential ability to make power systems operate in a more flexible, secure and economical way. They can benefit the emerging power system in terms of improving the system stability, reducing the flow in heavily loaded lines, maintaining bus voltages at their desired level and thus enhance power system security under contingency conditions. However, the benefits of these devices are mainly dependent on their location in the system [9]. The proper location of FACTS devices is a key to maximize power system security. Therefore, the system operators are facing the problem of where and which types of FACTS devices should be installed for achieving the required goals. This is a difficult problem due to the large size of the search space for a practical system.



In practice, due to transfer capacity of the transmission lines, some lines located on particular paths may become overloaded if the unplanned power exchanges were not controlled. This is the main bottleneck of the power system. The existence of bottlenecks in power networks directly affects market transactions and impedes system security [10]. The security of the power system can be enhanced if appropriate types of FACTS devices are chosen and suitably installed on transmission lines and buses to redistribute real power flows and regulate bus voltages by modifying line reactance and injecting reactive power.



From the view point of optimization, the optimal installation of FACTS devices is a highly multimodal, constrained and complex optimization problem [11]. Generally, the approaches for optimal allocation of FACTS devices can be classified into three categories: classical optimization approaches, sensitivity-based approaches and heuristic optimization approaches.



In classical optimization approaches, a Newton Raphson (NR) algorithm has been developed to find out the best operating point of a SVC for the enhancement of system security by minimizing the security index iteratively [12]. A mixed integer nonlinear programming (MINLP) based on line flow- based equations (LFB) is utilized to find the optimal location and setting of the TCSC under single line contingency conditions [13]. In [14], by applying a mixed integer optimization technique, the demand response (DR) and the TCSC and SVC controllers are optimally coordinated with the conventional generators to manage the network congestion in a restructured market environment. In [15], mixed integer linear programming (MILP) is used to the optimal allocation of thyristor controlled phase shifter transformers (TCPSTs) for maximizing power system loadability. Mixed integer linear and nonlinear programming-based optimal power flow (OPF) methods have been utilized for finding the optimal installation of FACTS to enhance system loadability [16,17]. Although classical optimization approaches have excellent convergence characteristics, they are not flexible and especially, handling constraints in them is hard work.



In sensitivity-based approaches, for enhancing the security of the system, a sensitivity-based approach has been proposed to decide the optimal location of TCSCs and unified power flow controllers (UPFCs) [18]. In [19], a real power flow performance index (PI) sensitivity-based approach and the concept of a line outage distribution factor have been proposed to decide the optimal location of TCSCs and static synchronous series compensators (SSSCs) to enhance the security of the power systems. Line loading security Performance Index (PI) sensitivity factors have been suggested for optimal placement of UPFCs for enhancing the security of the power system [20]. The approach based on the sensitivity of the reduction of total system VAR power loss and real power performance index has been suggested for determining the optimal TCSC location for congestion management [21]. In order to evaluate the suitability of a given line for installing a TCSC, two new indices called Thermal Capacity Index (TCI) and Contingency Capacity Index (CCI) [22] have been used to obtain secured optimal power flow under normal and network contingencies. In [23], an approach based on an index called the single contingency sensitivity index is proposed to find the optimal installations of TCSCs to enhance static security by eliminating line overloads under a single contingency. In [24], a transmission network is analyzed based on line parameters variation to improve Total Transmission Capacity (TTC) of the interconnected system. Real power flow PI sensitivity factors are introduced to select lines for placing FACTS devices. Although sensitivity-based approaches have advantages in computing efficiency, their computation accuracy is partly lost because of the nonlinearity of the power flow model is neglected. Moreover, they cannot simultaneously optimize the location and initial settings of FACTS devices.



The heuristic optimization approaches have been widely used in FACTS allocation problems. In [25], three heuristic methods, for instance, the genetic algorithm (GA), the tabu search method (TS) and the simulated annealing (SA) are applied to optimal installation of FACTS to enhance the system security. A GA is applied for seeking the optimal placement of multi-type FACTS to maximize the loadability in a power system [26]. In [27,28], the GA has been used to find the optimal location of FACTS for improving the security of a power system. A multi-objective GA is employed for optimal allocation of multi-type FACTS devices to maximize power systems security [29]. In [30], the effects of different types of FACTS devices on the performance of Hydro-Québec network have been analyzed. The optimal locations and rating of these FACTS controllers will be determined with a view to improving network security using an optimization algorithm based on a genetic algorithm. In [31], PSO technique is used for optimal installations of TCSCs, SVCs and UPFCs to minimize the cost of FACTS installation and improving the system loadability. In [32], PSO is employed for solving the security enhancement problem by optimal location of TCSCs. In [33], two evolutionary optimization techniques namely, GA and PSO, are applied for seeking the best location with the optimal setting of TCSC under single line contingency to improve the system security by eliminating or minimizing line overloads and bus voltage violations. In [34], a differential evolution (DE) algorithm is applied for finding the best location with parameter setting of UPFCs for enhancing power system security under single line contingencies. In [35], a relatively new evolutionary optimization technique, namely the DE technique, is applied to find the optimal locations and parameter settings of TCSCs under determined contingency scenarios for enhancing power system security. An adaptive DE algorithm is proposed for allocating the TCSC incorporated with the reactive power management problem [36]. In [37], the self-adaptive firefly algorithm (SAFA) is presented to optimize the placement of TCSCs, SVCs and UPFCs for improving the power system performance through minimizing real power loss, improving voltage profiles and enhancing the voltage stability. In [38], the imperialistic competitive algorithm (ICA) is employed for solving TCPST and TCSC allocation problem in a way that low values of overloads and voltage deviations result both during line outage contingencies and demand growth. In [39], Biogeography-Based Optimization (BBO), Weight Improved PSO (WIPSO) and PSO are applied to solve the optimization problem of finding the optimal placements and capacities of TCSCs, SVCs and UPFCs for enhancing system security under increased system loading conditions. In [40], a PSO-based adaptive gravitational search algorithm hybrid algorithm is proposed for finding out the best locations with the settings of UPFCs and interline power flow controllers (IPFCs) for improving the voltage stability of the power transmission systems. Although the heuristic optimization approaches are very flexible and easy to deal with discrete and constraint optimization problems, they have high computational burden due to the huge search space of the solution to FACTS allocation problems.



Recently, a novel meta-heuristic called cuckoo search algorithm (CSA) inspired by some cuckoo species’ obligate brood parasitic behavior, was developed by Yang and Deb [41]. A cuckoo bird lays and dumps its egg in a randomly selected nest of other species and the egg is either hatched and carried over to the next generations or abandoned by the host bird [42]. CSA has a few parameters needed to be tuned, and the inexperienced user can easily interact with it. It has two crucial search capabilities, which are local search and global search controlled by a fraction probability or discovery rate, Pa internal parameter and therefore converges to the global optimum for a multimodal optimization [43]. It uses Lévy flights motion with infinite mean and variance rather than standard random walks motion for global search. Such behavior has been emulated to perform optimization and global optimal search with promising results [44,45]. It is an efficient meta-heuristic algorithm that balances between the local search strategy (exploitation) and the whole space (exploration) [46]. To the best knowledge of the authors, the application of CSA to optimal installation of FACTS devices for enhancing power system static security by removing or alleviating the overloads and voltage violations under normal operation and even the most critical single line contingency condition is quite rare. This paper focuses on the problem of how to maximize power system static security in terms of branch loading and voltage level under normal operation and even the most critical single line contingency conditions. Additionally, two classical types of FACTS devices, namely TCSCs and SVCs are chosen for the study. This paper proposes a hybrid approach to find out the optimal locations and settings of TCSCs and SVCs for solving this problem. Our proposed approach requires a two-step strategy. Firstly, the MCA and TVT are applied to determine the proper candidate locations of TCSCs and SVCs, respectively, and then the CSA is employed for solving this problem by simultaneously optimizing the locations and settings for installations of TCSCs and SVCs. Our proposed hybrid approach has been demonstrated on the IEEE 6-bus and modified IEEE 14-bus test systems. The major contributions of this study are as follows:




	
A hybrid approach to solve the problem of maximizing power system static security in terms of branch loading and voltage level via optimal installations of TCSCs and SVCs under normal operation and even the most critical single line contingency condition is proposed.



	
In order to reduce the search space for the solution to the problem, the MCA and the TVT are applied to determine the proper candidate locations of TCSCs and SVCs, respectively. The number of lines and buses which need to be investigated to determine the best locations of TCSC and SVC is significantly decreased, hence, the computational burden of CSA to solve the problem is lessened.



	
A novel CSA-based procedure to solve the problem to enhance power system static security by simultaneously optimizing the locations and settings for installations of TCSCs and SVCs is proposed.



	
The proposed hybrid approach is capable of finding out the best locations and settings of TCSCs and SVCs in an effective way for enhancing power system static security by removing or alleviating the overloads and voltage violations under normal operation and even the most critical single line contingency conditions.








This paper is arranged as follows: Section 2 introduces the models of TCSCs and SVCs. Our proposed mathematical problem formulation for enhancing the power system static security via optimal installations of TCSCs and SVCs is also presented. Section 3 explains the MCA and the TVT for determining the proper candidate locations for TCSC and SVC installation, respectively. Section 4 describes the CSA and its application for optimal locations and settings of TCSCs and SVCs. Section 5 gives the overall procedure of implementation of the proposed hybrid approach. Section 6 demonstrates the simulation results and discussion. Finally, Section 7 summarizes the conclusions and the data of transmission line for modified IEEE 14-bus test system is detailed in Table A1.




2. Problem Formulation


In this section, the modeling of two FACTS devices, namely, TCSCs and SVCs, are described briefly. Then we will give the objective function in detail.



2.1. Modeling of FACTS Devices


According to the type of compensation, we can distinguish three categories of FACTS devices [47]:




	
Series controllers such as TCSCs and TCPSTs;



	
Shunt controllers such as SVCs and static synchronous compensators (STATCOMs);



	
Combined shunt-series controllers such as UPFCs.








Inside a category, several FACTS devices exist and each of them has its own proprieties, and we can use them in specific contexts for a specific goal. For example, a TCSC can be installed on a transmission line to control the line flow by regulating the reactance of the line, while a SVC can be installed at a bus to provide reactive power and control local bus voltage. As we already mentioned, this paper focuses on enhancing the power system static security in terms of branch loading and voltage level, i.e., eliminating or alleviating the overloads on transmission lines and the bus voltage violations under normal operation and even the most critical single line contingency conditions. Hence, two classical types of FACTS devices, namely TCSCs and SVCs are chosen in this paper. The steady state model of these FACTS devices used in this paper is presented in detail below.



2.1.1. Modeling of TCSC


The TCSC can be installed in series connection with a transmission line to modify the impedance of a line and thereby controls the line flow to eliminate or alleviate the overloads on the transmission lines. Hence, the system static security is enhanced. In the steady state power flow study, the TCSC can be considered as an additional reactance (XT) on a transmission line. In most cases, the shunt susceptances of a line are usually neglected. Therefore, the TCSC’s static capacitor will be directly in series with the line impedance [48]. The model of a transmission line with series impedance Zij = Rij + jXij and a TCSC installed between bus i (with voltage Vi) and bus j (with voltage Vj) is shown in Figure 1a.



A new line reactance (Xnew) of the transmission line where a TCSC is located is given as follows:


Xnew = Xij + XT



(1)






XT = kcXij



(2)




where Xij is the reactance of line i–j; kc is the coefficient which represents the compensation degree of the TCSC. In general, the allowed compensation degree of the TCSC is in the range of 20% inductive and 80% capacitive to avoid overcompensation. That is, −0.8Xij ≤ XT ≤ 0.2Xij. Optimal setting of reactance value can be achieved by optimizing the reactance values between these ranges.



The active and reactive power flows from bus i to bus j and from bus j to bus i of the line with a new line reactance (Xnew) affected by the location of TCSC can be derived as follows [10,49]:


    P  i j     =    V i 2   G  i j   −  V i   V j  (  G  i j   cos  δ  i j   +  B  i j   sin  δ  i j   )   



(3)






    Q  i j     =   −  V i 2   B  i j   −  V i   V j  (  G  i j   sin  δ  i j   −  B  i j   cos  δ  i j   )   



(4)






    P  j i     =    V j 2   G  i j   −  V i   V j  (  G  i j   cos  δ  i j   −  B  i j   sin  δ  i j   )   



(5)






    Q  j i     =   −  V j 2   B  i j   +  V i   V j  (  G  i j   sin  δ  i j   +  B  i j   cos  δ  i j   )   



(6)




where δij is the phase angle difference between buses i and j; the transmission line’s conductance and susceptance can be calculated respectively as:


    G  i j   =    R  i j      R  i j  2  +  X  new  2      



(7)








    B  i j   =    X  new      R  i j  2  +  X  i j  2      



(8)






2.1.2. Modeling of SVC


While the TCSC is a series-connected controller as mentioned above, the SVC is a shunt connected device. It can be installed at a bus to absorb or generate reactive power at the point of connection to control the bus voltages to the desired level. Hence, the system static security can be improved. In the power flow formulation, the SVC is considered as a generator (or absorber) of reactive power [50], and the model of SVC is presented in Figure 1b. The reactive power provided by SVC is limited as presented below:


QS,min ≤ QS ≤ QS,max



(9)









2.2. Objective Function


As mentioned, the aim in this paper is to enhance the power system static security in terms of branch loading and voltage level via optimal installation of FACTS devices. Two classical types of FACTS devices, namely TCSCs and SVCs are located in order to remove or alleviate the overloads and the bus voltage violations under normal condition and even the most critical single line contingency condition. The optimal installation of FACTS devices consisting of TCSCs and SVCs for the power system static security enhancement is generally formulated as a nonlinear constrained optimization problem (NCOP) below:



Minimize J subject to:


   g ( x , u ) = 0   



(10)






   h ( x , u ) ≤ 0   



(11)




where J is the objective function and will be discussed in detail below. The equality constraint (10) is the power flow equations, while the inequality constraint (11) is due to various limitations. The limitations include lower and upper limits on the sizes of TCSCs and SVCs, generator real and reactive power outputs, bus voltage magnitudes and phase angles; and the transmission line thermal limits. x is the state vector of the system consisting of the bus voltage magnitudes and phase angles, u is the vector of control variables to be optimized (i.e., locations and ratings of TCSCs and SVCs).



In order to improve the power system static security, the TCSCs and SVCs should be installed properly so as to eliminate or relieve the overloaded lines and maintain the bus voltages at a desired level under normal state and even the severest single line contingency conditions, so the following objective function J in terms of branch loading and voltage level [25,33] can be considered to minimize:


   J =     ∑  i = 1  l    w i   (     S i     S  i , max      )     k  +     ∑  j = 1  m    w j   (     V  j , ref   −  V j     V  j , ref      )     k    



(12)




where Si is the apparent power flow on the transmission line i, Si,max is the maximum apparent power flow limit of the transmission line i; Vj is the voltage magnitude at bus j and Vj,ref is the nominal voltage at bus j (usually considered as 1.0 p.u.); l is the total number of lines and m is the total number of buses in the system; wi and wj are two weighting factors which are determined in order to have the same index value for 100% branch loading and for 5% voltage difference; k is the exponent, equal to 4 in order to give more importance to high levels of overloads and voltage violations.



The objective function J described above consists of two parts. The first part is related to line flow, and it will be a small value if the number of overloaded lines decreases or all lines operate under/near their thermal limits in a system. The second part is corresponding to bus voltage, and it will be a small value if all bus voltages have a value close to the desired level. Therefore, minimization of the objective function J means the maximization of the power system static security.



After achieving the objective function J as described above, here we will give the details of the equality constraints and the inequality constraints represented previously in (10) and (11).



Equality constraints are given in the following discussion. The real and reactive power balance equations considering installation of FACTS devices are expressed as follows:


     ∑  ∀ j     P  i j     +  P  D i   −  P  G i   = 0   



(13)






     ∑  ∀ j     Q  i j     +  Q  D i   −  Q  S i   −  Q  G i   = 0   



(14)




where Pij, Qij are the active and reactive power flows between buses i and j, and the effects of a TCSC installation in the network can be considered; PGi, QGi are the active and reactive power generation at bus i; PDi, QDi are the active and reactive power demand at bus i; QSi is the continuously regulable reactive power provided by the SVC installation at bus i.



Inequality constraints are given as follows:




	
Power generation limits:


    P  G i , min   ≤  P  G i   ≤  P  G i , max          i = 1 , ⋯ ,  N g        



(15)






    Q  G i , min   ≤  Q  G i   ≤  Q  G i , max          i = 1 , ⋯ ,  N g        



(16)




where PGi,min, QGi,min are the minimum limits of active and reactive power generation; PGi,max, QGi,max are the maximum limits of active and reactive power generation; Ng is the total number of generation buses.



	
Voltage and angle limits:


    V  i , min   ≤  V i  ≤  V  i , max             i = 1 , ⋯ ,  N b        



(17)






    δ  i , min   ≤  δ i  ≤  δ  i , max             i = 1 , ⋯ ,  N b        



(18)




where Vi,min and δi,min are the minimum limits of voltage magnitude and angle, respectively; Vi,max and δi,max are the maximum limits of voltage magnitude and angle, respectively; Nb is the total number of buses.



	
Apparent power flow limit:


    S i  ≤  S  i , max             i = 1 , ⋯ ,  N l        



(19)




where Si,max is the maximum apparent power flow limit of a transmission line; Nl is the total number of lines.



	
The TCSC and SVC parameters operating limits:


    X  T , min   ≤  X T  ≤  X  T , max     



(20)






    Q  S , min   ≤  Q S  ≤  Q  S , max     



(21)




where XT,max, XT,min are the maximum and minimum limits of the reactance of TCSC; QS,max, QS,min are the maximum and minimum limits of the reactive power provided by the SVC, respectively.










3. Determination of the Proper Candidate Locations for FACTS Installation


The optimal location and rating for installation of FACTS devices is the key to enhancing the power system static security. Once the suitable candidate locations of FACTS devices are determined, the computational burden of the NCOP described in Section 2.2 will be significantly lessened. In order to lessen the search scope for the solution, two methodologies, namely MCA and TVT, are applied to determine the proper candidate locations for TCSC and SVC installations, respectively.



3.1. Min Cut Algorithm (MCA)


The MCA [10,49,51] is introduced here for installing TCSCs at suitable location to remove or alleviate the overloads/congestion by controlling the power flow to improve the system static security. However, the distribution of power flow is independent from the capacity loading of transmission line but it is reliant on the line impedance. This leads to the result that the bottleneck can be overloaded though the capacity loading of bottleneck is higher than the power demand. Hence, the installation of TCSCs on the branch bottlenecks to regulate the line impedance is a good way to rapidly rebalance the power by redirecting the power flow across these branches to eliminate or alleviate overloads/congestion. For this determining the system branch bottleneck becomes very critical. The problem can be solved if the minimum cut of power network is determined. That is the cut which contains the bottleneck branch with the sum of capacity through it is the smallest. Therefore, if the minimum cut is identified, the branch that can be able to contribute to adjust the line impedance will be recognized and only that branch has the ability to install TCSCs to help the overloaded/congested branches and improve the system static security. That is to say, the TCSCs need to be installed on branches where the minimum cut passes through and also lay in a loop which contains the congested line. Thus, the search space will be reduced from n branch to m branch (m is the branches that the minimum cut passes through).



There are several methods to find the minimum cut for any network having a single origin node and single destination node. One of the usual approaches to solve this problem is to use its close relationship to the maximum flow problem. The famous Max-Flow/Min-Cut Theorem proposed by Ford and Fulkerson in 1956 [52] showed the duality of the maximum flow and the so-called minimum s–t cut. Here s and t represent two vertices which are the source and the sink in the flow problem and have to be separated by the cut, that is, they have to lie in different parts of the partition as shown in Figure 2. Maximum amount can flow between nodes i and j is called capacity of arc cij.



The maximum flow is the flow of maximum value from the source to the sink and equals the capacity of a minimum cut for all cuts in the network. A cut is any set of directed links containing at least one link in every path from source node to sink node. This means if the links in the cut are removed the flow from the source to sink is completely cut off.



The cut value is the sum of the flow capacities in the source to sink direction over all the links crossing a cut. A minimum cut is a cut of minimum capacity, in other words, the sum of capacities of arcs crossing the cut is minimum. The minimum cut problem is to find the minimum cut in a given network.




3.2. Modeling Power Network Using MCA


The power network is modeled as a directed network G(N, A) where flow in the network represents the power flow. The set of nodes N, corresponds to the buses of the power network. The branch between bus i   ∈   N and bus j   ∈   N is represented by an arc aij   ∈   A. Each arc has a capacity cij, denoting the maximum allowable power flow through that line. The min cut algorithm is added two special nodes, the virtual source (s) and the virtual sink (t) which are representing the combination of the generators and loads respectively. Each line out of the virtual source (s) has a maximum flow that matches the generation of the connected node, and each line into the virtual sink (s) represents the load demanded by the connected node. The modeling of an example power system is shown in Figure 3b, a power system using MCA is shown in Figure 3a.



The algorithm works by successively assigning flow f(aij) to arcs along a directed path from s to t until no more flow can be added. The main steps for the MCA may be constructed below:




	
Find any path through the origin point to the terminal point. If there is no more such path, exit.



	
Determine f (the maximum flow along this path) which will be equal to the smallest flow capacity on any arc in the path (the bottleneck arc)



	
Subtract f from the remaining flow capacity according to the direction from the origin point to the terminal point for each arc in the path.



	
Go to Step 1.








The details for determining the minimum cut of power network are presented in [10,49,51].




3.3. Tangent Vector Technique (TVT)


The TVT [53] is introduced here for installing SVC at suitable location to maintain the bus voltages in the desired level to improve the system static security. Then, referring to [54,55], with the Jacobian matrix, the changes of the state variables can be evaluated by the tangent vector as follows:


    [    Δ  θ G      Δ  θ D      Δ  V D     ]  =    [   J 0   ]    − 1    [    Δ  P G      Δ  P D      Δ  Q D     ]    



(22)




where vector ΔPG includes the increments of all real power generations; vectors ∆PD and ΔQD include all the loading levels for system load to increase; and vectors ΔθG, ΔθD and ΔVD are the corresponding changes of the bus angles and voltage magnitudes due to the increased system load. Generally speaking, the changes of the voltage magnitudes are negative.



The factor ΔVi/Vi is used to evaluate how necessary the SVC installation at bus i is for the system under normal and even the most critical single line contingency condition able to operate within the voltage security limits. In principle, the more ΔVi/Vi is negative, the more bus i will be necessary for an SVC installation. In the proposed hybrid approach, since the buses with most negative ΔV/V are specified as the suitable candidate locations for SVC installation, the number of buses which need to be investigated to determine the best location of SVCs has reduced and for that reason the search space for the solution to the problem becomes limited.





4. Cuckoo Search Algorithm (CSA) and Its Application


This section, firstly presents the CSA. And then, we describe the proposed process of applying the CSA to simultaneously optimize the locations and settings of TCSCs and SVCs for solving the problem to enhance power system static security.



4.1. Cuckoo Search Algorithm (CSA)


CSA is a novel nature-inspired meta-heuristic method to solve optimization problems developed by Yang and Deb [41]. The basic ideas of this algorithm are on account of some cuckoo species' obligate brood parasitism by removing eggs in the birds’ nests laid by other host species, laying her own and flying off with host eggs in her bill in combination with a search pattern called Lévy flight which is encountered in some birds and insects. In order to give a clearly description of cuckoo search algorithm, we will outline the interesting breed behaviour of certain cuckoo species and the Lévy flight behaviour.



4.1.1. Cuckoo Breeding Behaviour


The cuckoo is the best known brood parasite, an expert in the art of cruel deception. Its aggressive reproduction strategy involves stealth, surprise and speed. Some species such as the Ani and Guira cuckoos lay eggs in common nests, in order to raise their own eggs’ hatching probability, though they may push others’ eggs out. Quite a few species involve in obligate brood parasitism in a way of laying their eggs in other host species' nests and flying off with the host egg in her bill. The whole process takes merely ten seconds. A few host birds can involve in direct battle with the invading cuckoos. Once a host bird detects the eggs are laid by others, it will either remove these strange eggs or straightforwardly desert this nest and build a new nest at other places. Therefore cuckoos parasitize the nests of a large variety of bird species and carefully mimic the color and pattern of their own eggs to match that of their hosts. Some cuckoo species, for instance, the New World brood-parasitic Tapera can reduce the probability of their eggs being abandoned so as to improve their reproductivity in such an evolved way that female parasitic cuckoos are good at the mimicry in colour and pattern of some chosen host species' eggs. From the description of cuckoo breeding behaviour above, cuckoo search is based on the following three principle rules [41,42]:




	
Each time, each cuckoo can only lay one egg (a solution for an optimization problem), and which will be dumped in a randomly chosen nest among the fixed number of obtainable host nests.



	
The best nests in which high-quality eggs (an optimization problem’s better solutions) are laid will be retained in the next generations.



	
During the whole search process, the number of obtainable nests of hosts is fixed, and the host bird can discover the strange egg laid by a cuckoo with a probability Pa   ∈   [0, 1]. Under these circumstances, it can either remove the strange egg or straightforwardly desert this nest and build a new nest at a new place. And very simplistically, the last hypothesis can be estimated by the fraction probability Pa of the n nests is substituted by new nests (with new locations’ new random solutions).









4.1.2. Lévy Flights Behaviour


Lévy flights are a particular class of generalized random walk, and the step lengths during the walk are described by a ‘heavy-tailed’ probability distribution. They can describe all stochastic processes that are scale invariant. Lévy flights have accordingly turned out to be applicable to a diverse range of fields, describing animal foraging patterns, the distribution of human travel and even some aspects of earthquake behaviour. Lévy flights have been shown as a good searching strategy that may be used by some species. A recent study indicates that fruit flies (like Drosophila melanogaster) search their landscape via employing a series of straight line flight paths interrupted by a abrupt 90-degree turn, causing a Lévy-flight-style intermittent scale-free search pattern. Even light waves perform a Lévy flight. Thus, such behavior has been emulated to perform optimization and global optimal search with promising results [45].




4.1.3. CSA


Combining cuckoo search based on three principle rules which have been described in cuckoo breeding behaviour with Lévy flights, we can form a general mathematical model for the CSA. For simplicity, each nest has only a single egg. In this case, there is no distinction between an egg (a solution), a nest or a cuckoo, as each nest corresponds to one egg which also represents one cuckoo. There are two key branches or types of generating new solutions in the CSA, namely, the local random walk and the global random walk. This algorithm uses a balanced combination of a local random walk and the global explorative random walk, controlled by a switching parameter Pa   ∈   [0, 1]. The switching parameter Pa can be used for balancing between exploration and exploitation. The local random walk can be written as:


    X i  t + 1   =  X i t  + α s ⊗ H (  P a  − ε ) ⊗ (  X j t  −  X k t  )   



(23)




where Xi, Xj and Xk are three different solutions;   α   > 0 represents the step size scaling factor involving the scales of the problem; s is the step size;   ⊗   represents entry-wise multiplications;    H ( ⋅ )    is a Heaviside function and ε is a uniform distributed random number. On the other hand, the global random walk is carried out by using Lévy flights as follows.


    X i  t + 1   =  X i t  + α L ( s , λ )   



(24)




where:


   L ( s , λ ) =   λ Γ ( λ ) sin (   π λ  / 2  )  π   1   s  1 + λ     ,        ( s > >  s 0  > 0 )       



(25)




where    Γ ( ⋅ )    is a Gamma function and calculated by:


   Γ ( z ) =    ∫ 0 ∞    t  z − 1    e  − t      d t   



(26)




particularly, when z = n is an integer, and then we will obtain    Γ ( n ) = ( n − 1 ) !   .



In most cases, we can use α = O(l/10), where l is the characteristic scale of the problem, while in some instances, α = O(l/100) can be more effective and avoid the need to fly too far. Essentially, Equation (24) is the stochastic equation describing a random walk. Generally speaking, a random walk can be treated as a Markov chain, and the Markov chain means that its next status/position only relies on the current status/position (that is, the first part in Equation (24)) and the transition probability (that is, the second part). The Lévy flight substantially offers a random walk with a Lévy distributed random step length as:


   L  e ′  v y ∼  1   s  λ + 1     ,         (  0 < λ ≤ 2  )        



(27)




which possesses both an infinite variance and an infinite mean. Now, the steps substantially form a heavy tailed and power-law step-length distributed random walk process. Some new solutions should be given by Lévy walk close to the best solution gained so far to accelerate the local search. However, in order to avoid local minimum, the new solutions’ significant fraction probability should be given by far field randomisation and whose positions should be far away from the current best solution. From the implementation point of view, there are a few ways of achieving Lévy flights, but in this article, a method called Mantegna algorithm [56] which is one of the most efficient and yet straightforward ways for asymmetric Lévy stable distribution is used for generating random step sizes. Here ‘symmetric’ means that the step sizes can be positive and negative.



The step length s in Mantegna’s algorithm for Lévy flights can be computed by:


   s =  u     | v |     1 β        



(28)




where the parameters v and u are drawn from normal distributions. That is:


    {    u ∼ N ( 0 ,  σ u 2  )     v ∼ N ( 0 ,  σ v 2  )       



(29)




and the standard deviations     σ u     and     σ v     are calculated by:


    {     σ u  =   {    Γ ( 1 + β ) sin (   π β  / 2  )   Γ [   ( 1 + β )  / 2  ] β  2    ( β − 1 )  / 2       }    1 / β         σ v  = 1       



(30)




where   β   is the distribution factor (0.3 ≤   β   ≤ 1.99).



Studies show that Lévy flights can maximize the efficiency of resource searches in uncertain environments. Actually, Lévy flights have been observed among foraging patterns of albatrosses and fruit flies, and spider monkeys. Additionally, many physical phenomena such as the diffusion of fluorescent molecules, cooling behaviour and noise could show Lévy-flight characteristics. Hence, it is promising to apply such behaviour to optimization algorithms as the search optimization strategy.





	Algorithm 1 Pseudocode of the CSA



	Produce initial a population of n host nests randomly within the given search interval as Xi (i = 1, …, n)



	for Iter =1:Itmax



	  Get a cuckoo (say a) randomly via Lévy flights



	  Evaluate its quality/fitness Fa



	  Select a nest (say b) among n randomly



	  if (Fa is better than Fb) then



	    replace the solution b by the new solution



	    replace the quality/fitness Fb by the new solution’s quality/fitness



	  end if



	  Desert a fraction probability (Pa) of worse nests and construct new ones



	  Retain the best solutions (or nests with top quality solutions)



	  Sort the solutions and find the current global best nest Gbest



	end for



	Postprocess results and visualization






In a summary, the corresponding pseudocode for the CSA combining cuckoo search with Lévy flights is given in Algorithm 1. The main steps for the CSA may be constructed as below:




	
Generate initially a population of n host nests randomly within the given search interval as below:


    X i  =    (   X  i 1   ,  X  i 2   , ⋯ ,  X  i j    )   T         i = 1 , 2 , ⋯ , n            j = 1 , 2 , ⋯ , d       



(31)




where Xi represents the ith nest (solution); Xij represents the jth element of the ith nest (solution); d represents the dimension of the given problem. Initialize parameter Pa   ∈   [0, 1], and Pa is a probability that the host bird can discover the strange egg. Set Itmax (that is, the maximum number of iterations).



	
Evaluate the fitness function of the initial n host nests, choose the best value of each nest Xbesti (i = 1, 2,…, n) and the global best nest Gbest among all nests which is corresponding to the best fitness function, store the fitness values and the best fitness value.



	
Get cuckoos (new solutions) randomly based on the previous best nest via Lévy flights. As mentioned above, the new solution for each nest is calculated as follows:


    X i  n e w   = X b e s  t i  + α × r a n  d 1  × Δ  X i  n e w     



(32)




where   α   > 0 is the updated step size; rand1 is a normally distributed stochastic number, and the increased value    Δ  X i  n e w      is determined by:


   Δ  X i  n e w   =   r a n  d u       |  r a n  d v   |     1 / β      ×    σ u     σ v    ×  (  X b e s  t i  − G b e s t  )    



(33)




where randu and randv are two normally distributed stochastic variables with standard deviation     σ u     and     σ v     given in (30) above.



	
Evaluate the new solutions’ fitness function, determine the newly best value of each nest Xbesti and the global best nest Gbest by comparing the stored fitness values in Step 2 with the newly calculated ones, update the best value of each nest Xbesti and the global best nest Gbest, and store the fitness values and the best fitness value.



	
Discover strange egg in a nest of a host bird with the probability of Pa and also create a new solution for the problem similar to the Lévy flights. The new solution because of this action is calculated as follows:


    X i  d i s c   = X b e s  t i  + C × Δ  X i  d i s c     



(34)




where C is the updated coefficient, determined based on the probability of a host bird to discover a strange egg in its nest:


   C =  {    1        i f     r a n  d 2  <  P a              0        o t h e r w i s e           



(35)




and the increased value    Δ  X i  d i s c      is calculated by:


   Δ  X i  d i s c   = r a n  d 3  × [ r a n d  p 1  ( X b e s  t i  ) − r a n d  p 2  ( X b e s  t i  ) ]   



(36)




where rand2 and rand3 are the distributed random numbers on the interval [0, 1]; randp1(Xbesti) and randp2(Xbesti) are the random perturbation for positions of nests in Xbesti.



	
Evaluate the new solutions’ fitness function, determine the newly best value of each nest Xbesti and the global best nest Gbest by comparing the calculated fitness function from this new solutions with the stored fitness values in Step 4, update the best value of each nest Xbesti and the global best nest Gbest, store the fitness values and the best fitness value.



	
If the predefined Itmax has been reached, the computation can be terminated and the results are displayed, else go to Step 3.








The flowchart of the CSA is shown in Figure 4a.





4.2. Procedure of CSA-based Optimal Locations and Settings of TCSC and SVC


As using the MCA and the TVT to determine the proper candidate locations for TCSC and SVC installations respectively, described in Section 3, here, we will give the main steps of the proposed procedure of applying the CSA to solve the problem to enhance power system static security via simultaneously optimizing the locations and settings for installations of TCSC and SVC. The detail sequential steps are described as follows:




	
Read the power system data and set associated parameters such as the host nests size n, an alien egg in a nest of a host bird is discovered with the probability Pa   ∈   [0, 1], the number of optimization variables d, the maximum number of iterations Itmax.



	
Initialize n host nests N     {     X i   (  i = 1 , 2 , ⋯ , n  )   }       considering the variables to be optimized (the locations and ratings of TCSC and SVC). Each of these nests concatenated of two strings corresponds to a feasible solution to the problem to be optimized. The first string in the nest is involving the locations of TCSC and SVC in the network. This string contains the numbers of the lines and buses where the TCSC and SVC should be located respectively, and it can be selected within the candidate locations for TCSC and SVC installations determined by the MCA and the TVT, respectively. Here, the lines where the transformers are existed and the buses where the generators are connected are not considered as locations for TCSC and SVC installations, respectively. Repeated locations are not allowed in our optimization process and each line or bus should appear only once in the string. While the second and last part of the nest’s string corresponds to the rating values of TCSCs and SVCs in the network which are normalized between 0 and 1 with 0 relating to the minimum value of the device and 1 to the maximum. It is randomly generated according to the operating range of TCSC and SVC which can be considered as follows:


−0.8Xij ≤ XT ≤ 0.2Xij per unit (p.u.),



(37)






−80 ≤ QS ≤ 80 MVar



(38)




where XT is the additional reactance on a transmission line where the TCSC is located; QS is the reactive power provided by SVC.



	
Evaluate the fitness function of the initial n host nests N on account of the calculation results obtained from power flow analysis, choose the best value of each nest Xbesti (i = 1, 2, …, n) and the global best nest Gbest among all nests which is corresponding to the best fitness function, store the fitness values and the best fitness value.



	
Get cuckoos (new solutions) randomly based on the previous best nest via Lévy flights. As mentioned above, the new solution for each nest is calculated using (32) and (33).



	
Evaluate the new solutions’ fitness function on account of the calculation results obtained from power flow analysis, determine the newly best value of each nest Xbesti and the global best nest Gbest by comparing the stored fitness values in Step 3 with the newly calculated ones, update the best value of each nest Xbesti and the global best nest Gbest, store the fitness values and the best fitness value.



	
Discover strange egg in a nest of a host bird with the probability of Pa and also create a new solution for the problem similar to the Lévy flights. The new solution because of this action is calculated using (34)–(36).



	
Evaluate the new solutions’ fitness function on account of the calculation results obtained from power flow analysis, determine the newly best value of each nest Xbesti and the global best nest Gbest by comparing the calculated fitness function from this new solutions with the stored fitness values in Step 5, update the best value of each nest Xbesti and the global best nest Gbest, store the fitness values and the best fitness value.



	
If the predefined Itmax has been reached, the computation can be terminated and the results (optimal locations and optimal parameter settings of the TCSC and SVC) are displayed, else go to Step 4.








The flowchart of the proposed process of applying the CSA to solve the problem to enhance power system static security via optimal installations of TCSCs and SVCs is shown in Figure 4b.





5. Implementation of the Proposed Hybrid Approach


In this section, we will give the overall procedure of implementation of the proposed hybrid approach for the power system static security enhancement via optimal installations of TCSCs and SVCs under normal operation and even the most critical single line contingency conditions. In our proposed hybrid approach, for purpose of lessening the computing burden of the NCOP and improving the accuracy of its solution, two methodologies, namely the MCA and the TVT are first applied to investigate the lines and buses suitable for TCSC and SVC installations, respectively. With the specific lines and buses chosen as candidate locations for TCSC and SVC installations, respectively, the search space for the solution to the problem will be reduced. That is to say, the number of lines and buses which need to be investigated to determine the best locations of TCSCs and SVCs for CSA to solve the problem to enhance power system static security formulated in Section 2.2 will be significantly decreased. Here, the overall procedure of implementation of the proposed hybrid approach is presented below:




	
Read the power system data and perform load flow computation under normal operation without FACTS devices installation.



	
Check whether all transmission line limits, bus voltage limits and reactive power of generating units’ limits are respected or not. If yes, go to Step 6, else go to Step 3.



	
Determine the candidate locations appropriate for TCSC and SVC installations by the MCA and the TVT, respectively.



	
Use the CSA to solve the problem to enhance power system static security by simultaneously optimizing the locations and settings for installations of TCSCs and SVCs under normal operation.



	
Store the optimal locations and the optimal parameter settings for TCSC and SVC installations.



	
Record the results of power flow analysis and the minimized value of objective function.



	
With the power flow data recorded in Step 1, consider conditions with a single line fault in the system and perform load flow computation, identify which line fault is the severest single line contingency scenario in this system based on the result of contingency analysis, and then perform load flow computation again under the severest single line contingency scenario.



	
Check whether all transmission line limits, bus voltage limits and reactive power of generating units’ limits are respected or not. If yes, go to Step 12, else go to Step 9.



	
Under the severest single line contingency scenario, determine the candidate locations appropriate for TCSC and SVC installations by the MCA and the TVT, respectively.



	
Use the CSA to solve the problem to enhance power system static security by simultaneously optimizing the locations and settings for installations of TCSCs and SVCs under the severest single line contingency conditions.



	
Obtain the minimized value of objective function and the optimal locations and optimal settings for TCSC and SVC installations.



	
Print the results.








The flowchart of the proposed hybrid approach for the power system static security enhancement via optimal installations of TCSCs and SVCs under normal operation and even the severest single line contingency condition is shown in Figure 5.




6. Simulation Results and Discussion


This section of simulations is to validate the effectiveness of our proposed hybrid approach on IEEE 6-bus and modified IEEE 14-bus test systems under normal operating condition and even the severest single line fault conditions. In this regard, firstly, the MCA and the TVT are used for determining the proper candidate locations for TCSC and SVC installations based on the two test power networks mentioned above, respectively. Then the CSA is employed to determine the best locations with best settings of TCSC and SVC installations for the power system static security enhancement problem. Additionally, considering the high cost of installation and maintenance of FACTS devices, the number of FACTS devices is fixed at no more than one for each type in our study. The lower and upper voltage limits for both load and generator buses of the above mentioned two test systems are taken as 0.95 and 1.05 per unit, respectively.



Two studied cases are employed for the two tested networks. These cases are defined as follows:




	
Case 1: This case represents the normal operating conditions.



	
Case 2: This case represents the severest single line fault conditions.








All the programs are implemented using MATLAB on a Windows 7 PC equipped with a 2.30 GHz Intel(R) Core(TM) (Intel Corporation, 2200 Mission College Blvd. Santa Clara, California, USA) i5-2415M CPU and 4 GB RAM. However, PSO and CSA have several parameters which should be initialized. The parameters for PSO and CSA are the widely accepted values for original PSO and CSA and help algorithms achieve good performance for most of the problems. Meanwhile, in order to make a fair comparison of the CSA with PSO, we fix the same initial population size of 25. For PSO we use these settings: c1 = 2, c2 = 2, Vmax = 5. For CSA we use the setting: Pa = 0.25. In addition, the maximum number of iterations is set to 100. All the experiments are conducted for 30 independent runs.



6.1. IEEE 6-Bus Test System


The IEEE 6-bus test system consists of three generator buses at buses 1, 2 and 3. Buses 4, 5 and 6 are load buses. The system has 11 transmission lines with a capacity of 230 kV. Its single line diagram has been depicted in Figure 6. The complete data of this system is extracted from MATPOWER 4.0 [57] (Power Systems Engineering Research Center, New York, USA). The simulations have been performed for 100% of base loading on this test system. The maximum apparent power flow limits (Smax) of transmission lines are shown in Table 1 (column 3).



In case 1, Table 1 (column 4) and Figure 7 indicate that although there are no bus voltage limit violations without FACTS installation, the apparent power flow exceeds the limit (Smax) in line 1–5 and consequently transmission congestion occurs. Clearly the security of the network is violated. The existing power network can enhance its security by optimal location of TCSC to decrease the loading of line 1–5 and increase loading on the line where TCSC is located.



Table 2 shows that the minimum cut passes through lines 1–4, 1–5, 2–4, 2–5, 2–6 and 3–5. From Table 3 it can be observed that, the lines 1–4, 2–5, 2–6 and 3–5 are lines that the minimum cut passes through and are also lines in respective loops1(1–4–5–1), 2(2–5–1–2), 3(2–6–5–1–2) and 4(3–5–1–2–3) which contain the same overloaded line 1–5. Therefore, to eliminate congestion and improve the system security, the TCSC needs to be installed on line that the minimum cut passes through and also lies in loop which contains the congested line. The proper candidate locations for TCSC installation are the transmission lines 1–4, 2–5, 2–6 and 3–5 as shown in Table 3. Once the proper candidate locations are determined, the number of branches which need to be investigated to determine the best TCSC location has reduced from 11 branches to four branches in the minimum cut as shown in Table 3 which is less than as compared with [33]. Meanwhile, the search space for the solution of PSO and CSA to determine the best location and best setting of TCSC is significantly reduced.



Table 4 gives the best location with best setting of FACTS installation achieved by PSO and CSA under normal operating condition, respectively. From Table 1 (column 5–6) and Figure 8 it can be found that the congested line 1–5 has been eliminated via optimal location of TCSC obtained by using PSO and CSA. Moreover, the distributions of apparent power flow in this test system are more ordered and balanced with FACTS installation by the CSA as shown in Figure 8, when compared with those of PSO. The loading of the line 1–5 has now reduced from 101.36 to 98.79% and 96.82% obtained by using PSO and CSA to optimal installation of TCSC, respectively. Line 2–5 (that is, the best location of TCSC placement obtained by PSO as shown in Table 4) is now loaded to 96.01% which is much higher than the initial 83.94% without TCSC installation, while line 3–5 (that is, the best location of TCSC placement obtained by CSA as shown in Table 4) is now loaded to 47.10% which is much higher than the initial 34.96% without TCSC installation. The TCSC reduced the series impedance of the lines 2–5 and 3–5 and hence the apparent power flow on the lines increases. Bus voltage profiles of this test system without and with FACTS installation optimized by PSO and CSA are shown in Figure 7. It is to be noted that the voltage magnitudes of all load buses are brought nearer to 1.0 per unit after FACTS installation by CSA, when compared with those of PSO. It can also be seen in Table 4 that the initial value of objective function J of 7.6304 is reduced to 4.6973 and 4.0287 through TCSC placement by PSO and CSA, respectively. As mentioned above, the reduction of objective function J means the maximization of the power system static security. It is very clear from the results that the CSA offers better optimal location with optimal setting for TCSCs, which minimizes the objective function J to the lower possible value, when compared with those of PSO. Consequently, the severity will be reduced and the power system security will be enhanced.



In case 2, the severest single line fault condition in IEEE 6-bus test system is considered. Contingency analysis and ranking process is performed on this system, and the severest single line fault is proved line 1–4 contingency, which is determined on account of the number of overloaded lines and the number of voltage limit violation buses from the line contingency analysis. Table 5 (column 4) and Figure 9 show that both the overloaded lines and the low voltage buses occur in this test system without FACTS installation for line 1–4 outage. It can be seen that the apparent power flow exceeds the limit (Smax) in lines 1–2, 1–5 and 2–4 and consequently transmission congestion occurs. Additionally, the voltage value of bus 4 is less than 0.95 per unit as shown in Figure 9. Obviously, the security of the network is violated and can be enhanced by optimal location of TCSC and SVC to decrease the loading of lines 1–2, 1–5 and 2–4 and improve the voltage of bus 4.



According to Table 6, the minimum cut passes through lines 1–5, 2–4, 2–5, 2–6 and 3–5. From Table 7 it is observed that, the lines 2–5, 2–6 and 3–5 are lines that the minimum cut passes through and are also lines in respective loops1(2–5–1–2), 2(2–6–5–1–2) and 3(3–5–1–2–3) which contain the branch overloaded lines 1–2 and 1–5. Therefore, to eliminate congestion and improve the system security, the TCSC need to be installed on line that the minimum cut passes through and also lies in loop which contains the congested line. Obtained from the MCA and the TVT, respectively, the lines 2–5, 2–6 and 3–5 and bus 4 are the proper candidate locations for TCSC and SVC installations respectively as tabulated in Table 7. Once the proper candidate locations are determined, the number of lines and buses which need to be investigated to determine the best TCSC and SVC locations has been reduced. Hence, the search space for the solution of PSO and CSA to determine the best locations and best settings of TCSC and SVC is remarkably decreased.



Table 8 reports the best locations with best settings of TCSC and SVC installations achieved by PSO and CSA, respectively, for this test system with line 1–4 outage. From Table 5 (column 5–6), Figure 9 and Figure 10 it can be seen that the loadings of the congested lines 1–2, 1–5 and 2–4 have been considerably reduced and the voltage of bus 4 is improved to a desired level via optimal location of TCSCs and SVCs obtained by using PSO and CSA, respectively. Moreover, the distributions of apparent power flow in this test system are more ordered and balanced with FACTS installation by the CSA as shown in Figure 10, when compared with those of PSO. According to Table 8 and Figure 10, the loading of the line 1–2 has now reduced from 151.21 to 150.83% and 150.16% obtained by using PSO and CSA to optimal installation of FACTS, respectively. The loading of the line 1–5 has now reduced from 134.93 to 132.61% and 127.79% obtained by using PSO and CSA to optimally instal the FACTS, respectively. The loading of the line 2–4 has now reduced from 151.42 to 112.94% and 110.80% obtained by using PSO and CSA to optimal installation of FACTS, respectively. Note that the overloading percentages in these lines of this test system without FACTS installation for line 1–4 outage are very high, which may cause these lines to be tripped and lead to cascaded failure in the system and the neighboring systems as well. Although with the help of using FACTS in the optimized locations with the optimized settings does not eliminate all of the overloaded lines, most of overloaded lines are relieved and the apparent power flow distributions in the test system are significantly reduced to an extent that the system can stand until other corrective actions are applied. Considering the electricity demand of the load buses 4 and 5, both the power supplied by the generator bus 1 through line 1–5 for the consumer in the load bus 5 and the power supplied by the generator bus 2 through line 2–4 for the consumer in the load bus 4 exceed their line limits. Thus, without FACTS installation, the lost load is great in the load buses 4 and 5. With optimal installation of FACTS in the system by our proposed hybrid approach, the generator buses 1 and 2 can supply more power for the load buses 4 and 5 and the lost load is reduced in the load buses 4 and 5. From an economical point of view, if the electricity consumers in the load buses 4 and 5 with the lowest value of lost load (VOLL) [58], the sectors in the load buses 4 and 5 with the lowest VOLL might be potential candidates for other corrective actions such as load shedding measures from the perspective of the entire power network. If the electricity consumers in the load buses 4 and 5 with extremely high VOLL, the sectors in the load buses 4 and 5 should be equipped with emergency backup systems on account of potentially very high interruption costs. In this way, the level of supply security is improved. Meanwhile, all bus voltage limit violations are totally eliminated as visualized in Figure 9. Bus voltage profiles of this test system without and with FACTS installation optimized by PSO and CSA are shown in Figure 9. It is observed that the voltage magnitudes of all load buses are brought nearer to 1.0 per unit after FACTS installation by CSA, when compared with those of PSO. It can also be seen in Table 8 that the initial value of objective function J of 19.3493 is reduced to 11.9790 and 11.0428 through TCSC and SVC placements achieved by PSO and CSA, respectively. As previously mentioned, the reduction of objective function J means the maximization of the power system static security. Obviously, the results show that the CSA offers better optimal locations with optimal settings for TCSC and SVC, which minimize the objective function J to the lower possible value, when compared with those of PSO. These results indicate the accuracy and applicability of the proposed hybrid approach. The convergence characteristic of CSA for IEEE 6-bus test system with FACTS installation is shown in Figure 11.




6.2. Modified IEEE 14-Bus Test System


The modified IEEE 14-bus test system consists of four generator buses at buses 1, 2, 3 and 8, and 14 buses, 20 transmission lines and 11 loads. Its single line diagram has been depicted in Figure 12. It has three regulating transformers in lines 4–7, 4–9 and 5–6, respectively. The complete data of this system is extracted from MATPOWER 4.0 [57] and Table A1.



In this system, a heavy load (110%) according to load level is considered in the simulations. The maximum apparent power flow limits (Smax) of transmission lines are shown in Table 9 (column 3). In case 1, Table 9 (column 4) and Figure 13 show that although all voltages at buses are within limits without FACTS installation under heavy load, the apparent power flow exceeds the limit (Smax) in line 1–2. The transmission congestion can be eliminated by optimal location of TCSC to decrease the loading of line 1–2 and increase loading on the line where TCSC is installed.



Table 10 illustrates the minimum cut passes through lines 1–2 and 1–5. From Table 11 it can be observed that, the line 1–5 is a line that the minimum cut passes through and is also a line in loop1(1–5–2–1) which contains the overloaded line 1–2. Therefore, to eliminate congestion and improve the system security, the TCSC need to be installed on line that the minimum cut passes through and also lies in loop which contains the congested line. The proper candidate location for TCSC installation is line 1–5 as listed in Table 11. Clearly, the number of branches which need to be investigated to determine the best location of TCSC has reduced from 17 branches to one branch in the minimum cut as shown in Table 11 which is less than as compared with [33]. Thus, the search space for the solution of PSO and CSA to determine the best location and best setting of TCSC is dramatically reduced.



Table 12 gives the best location with best setting of FACTS installation achieved by PSO and CSA under normal heavy load operation, respectively. From Table 9 (column 5–6) and Figure 14 it can be found that the congested line 1–2 has been eliminated via optimal location of TCSC obtained by using PSO and CSA. Moreover, the distributions of apparent power flow in this test system are more ordered and balanced with FACTS installation by the CSA as shown in Figure 14, when compared with those of PSO. The loading of the line 1–2 has now reduced from 110.07 to 95.10% and 87.68% obtained by using PSO and CSA to optimal installation of TCSC, respectively. Line 1–5 is now loaded to 82.55% and 88.66% achieved by PSO and CSA, respectively, which is much higher than the initial 70.33% without TCSC installation. The TCSC reduced the series impedance of the line 1–5 hence apparent power flow on the line increases. Bus voltage profiles of this test system without and with FACTS installation optimized by PSO and CSA is shown in Figure 13. It is to be noted that the voltage magnitudes of all load buses are brought nearer to 1.0 per unit after FACTS installation by CSA, when compared with those of PSO. It can also be seen in Table 12 that the initial value of objective function J of 5.0799 is reduced to 4.4408 and 4.2714 through TCSC allocation by PSO and CSA, respectively. As mentioned above, the reduction of objective function J means the maximization of the power system static security. It is very clear from the results that the CSA offers better optimal location with optimal setting for TCSC, which minimize the objective function J to the lower possible value, when compared with those of PSO. Accordingly, the system security in terms of branch loading will be improved.



In case 2, the severest single line fault condition in modified IEEE 14-bus test system with heavy load is considered. Contingency analysis and ranking process is performed on this system, and the severest single line fault is proved line 1–5 contingency, which is determined on account of the number of overloaded lines and the number of voltage limit violation buses from the line contingency analysis. Table 13 (column 4) and Figure 15 show that both the overloaded lines and the low voltage buses occur in this test system without FACTS installation in heavy load with line 1–5 outage.



It can be seen that the apparent power flow exceeds the limit (Smax) in lines 1–2, 2–4 and 2–5. Additionally, the voltage value of bus 14 is less than 0.95 per unit as shown in Figure 15. Clearly the security of the network can be enhanced by optimal location of TCSC and SVC to decrease the loading of lines 1–2, 2–4 and 2–5 and improve the voltage of bus 14. According to Table 14, the minimum cut passes through lines 2–4, 2–5 and 3–4. From Table 15 it is observed that, the line 3–4 is a line that the minimum cut passes through and are also a line in loops1(2–4–3–2), 2(2–5–4–3–2) and 3(3–4–2–3) which contain the branch overloaded lines 2–4 and 2–5. Therefore, to eliminate congestion and improve the system security, the TCSC need to be installed on line that the minimum cut passes through and also lies in loop which contains the congested line. Obtained from the MCA and the TVT, respectively, the line 3–4 and bus 14 are the proper candidate locations for TCSC and SVC installations, respectively, as tabulated in Table 15. Once the proper candidate locations are determined, the number of branches and buses which need to be investigated to determine the best locations of TCSC and SVC has reduced. Hence, the search space for the solution of PSO and CSA to determine the best locations and best settings of TCSC and SVC is significantly lessened.



Table 16 presents the best locations with best settings of TCSC and SVC installations achieved by PSO and CSA respectively for this test system in heavy load with line 1–5 outage. From Table 13 (column 5–6), Figure 15 and Figure 16 it can be seen that the loadings of the congested lines 1–2, 2–4 and 2–5 have been considerably reduced and the voltage of bus 14 is improved to a desired level via optimal location of TCSC and SVC obtained by using PSO and CSA, respectively. Moreover, the distributions of apparent power flow in this test system are more ordered and balanced with FACTS installation by the CSA as shown in Figure 16, when compared with those of PSO. According to Table 13 and Figure 16, the loading of the line 1–2 has now reduced from 195.42 to 194.98% and 194.998% obtained by using PSO and CSA to optimal installation of FACTS, respectively. The loading of the line 2–4 has now reduced from 101.73 to 97.26% and 97.07% obtained by using PSO and CSA to optimal installation of FACTS, respectively. The loading of the line 2–5 has now reduced from 101.93 to 97.63% and 97.43% obtained by using PSO and CSA to optimal installation of FACTS, respectively. Note that the overloading percentages in these lines of this test system without FACTS installation in heavy load with line 1–5 outage are very high, especially the line 1–2, which may cause these lines to be tripped and lead to cascaded failure in the system and the neighboring systems as well. Although with the help of using FACTS in the optimized locations with the optimized settings does not eliminate all of three overloaded lines, two of them (i.e., lines 2–4 and 2–5) are totally eliminated and the apparent power flow on the line 1–2 is significantly reduced to an extent that the system can withstand until other corrective actions are applied. The power supplied by the generator bus 1 through line 1–2 for the consumer in the bus 2 exceeds the limit in the line 1–2. Therefore, without FACTS installation, the lost load is great in the bus 2. The generator bus 1 can supply more power for the load at bus 2 and the lost load is reduced in the bus 2 via optimal installation of FACTS in the system by our proposed hybrid approach. In order to further improve the level of supply security, considering economic indicators such as the VOLL [58], if the electricity consumers in the bus 2 with high VOLL, which indicate that electricity is a rather critical input of the sectors in the bus 2, thus the sectors in the bus 2 should be applied other corrective actions such as equipping the sectors in the bus 2 with emergency backup systems on account of potentially very high interruption costs. If the electricity consumers in the bus 2 with the lowest VOLL, the sectors in the bus 2 with the lowest VOLL might turn out to be potential candidates for other corrective actions such as load shedding measures from the perspective of the entire power network. Meanwhile, all bus voltage limit violations are totally eliminated as visualized in Figure 15. Bus voltage profiles of this test system without and with FACTS installation optimized by PSO and CSA is shown in Figure 15. It is to be observed that the voltage magnitudes of all load buses are brought nearer to 1.0 per unit after FACTS installation by CSA, when compared with those of PSO. It can also be seen in Table 16 that the initial value of objective function J of 20.6624 is reduced to 18.8808 and 18.8678 through TCSC and SVC placements achieved by PSO and CSA, respectively. As explained previously, the reduction of objective function J means the maximization of the power system static security. The results clearly show that the CSA offers better optimal locations with optimal settings for TCSC and SVC, which minimize the objective function J to the lower possible value, when compared with those of PSO. Thus, the power system static security in terms of branch loading and voltage level has been enhanced via optimal installation of FACTS devices by our proposed hybrid approach.



The simulation times of two test systems with FACTS installation by different techniques for case 2 are tabulated in Table 17.



Table 17 shows that the total computational time of our proposed hybrid approach is reduced. Using our proposed hybrid approach, the number of lines and buses selected as the suitable candidate locations for installation of TCSCs and SVCs is reduced by using MCA and TVT in the first step. Thus, in the second step, there is no need for CSA to search all the lines and all the buses in the power network to find the best locations with optimal settings for installations of TCSCs and SVCs. In this case, the search space of CSA is significantly reduced. Therefore, searching fewer lines and fewer buses will dramatically reduce the computational time of CSA in the second step. Though the MCA and TVT procedures need some time in the first step, there is no need for CSA to spend much time to search all the lines and all the buses in the system at the second step, the total computational time of our proposed hybrid approach is reduced. The convergence characteristic of CSA for modified IEEE 14-bus test system with FACTS installation is shown in Figure 17.





7. Conclusions


Sustained development of the economy will result in continuous growing demand for electricity regionally or integrally. Additionally, due to open access to the transmission networks, several factors such as an increasing various power transactions, unplanned power exchanges and unexpected outages will cause hugely changing power flows through lines and voltage violations on buses in the deregulated power systems. In this case, serious threats to the power system security might occur. Therefore, it is a good choice to optimally locate FACTS devices on the existing networks other than build new transmission lines for enhancing power network security. This paper proposes a hybrid approach to solve the problem of maximizing power system static security in terms of branch loading and voltage level via optimal installations of TCSCs and SVCs under normal operation and even the most critical single line contingency condition has been proposed. Our proposed approach requires a two-step strategy. In the first step, the MCA and the TVT are applied to determine the proper candidate locations of TCSCs and SVCs, respectively. In the second step, the CSA is employed to solve this problem by simultaneously optimizing the locations and settings for installations of TCSC and SVC. The proposed hybrid approach was verified on the IEEE 6-bus and modified IEEE 14-bus test systems.



The results show that the MCA and the TVT are effective methods for determining the suitable candidate locations of TCSC and SVC, respectively, so as to reduce the search space for solution to the problem. The number of lines and buses which need to be investigated to determine the best locations of TCSCs and SVCs will be significantly decreased. Moreover, the results indicate that CSA outperforms PSO, proving its effectiveness and potential. Therefore, it can be concluded that the proposed hybrid approach is capable of finding out the best locations and settings of TCSCs and SVCs in such an effective way for enhancing power system static security by removing or alleviating the overloads and voltage violations under normal operation and even the most critical single line contingency conditions. Using this hybrid approach, the search space for solutions to the problem becomes limited, hence the computational burden has been lessened.



As future work, the methodology can be improved further if the performance of CSA is improved through its hybridization with other meta-heuristic algorithms. With the rapid increasing penetration of renewable energy sources [59] in the electricity market, particularly wind energy, the installation costs of FACTS devices and the effect of wind power generation need to be investigated in further research.
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Table A1. The data of transmission line for modified IEEE 14-bus test system.
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	Line No.
	Line
	R (per unit)
	X (per unit)
	B (per unit)
	Limit Smax (MVA)





	1
	1–2
	0.01938
	0.05917
	0.0528
	50



	2
	1–5
	0.05403
	0.22304
	0.0492
	60



	3
	2–3
	0.04699
	0.19797
	0.0438
	50



	4
	2–4
	0.05811
	0.17632
	0.034
	53



	5
	2–5
	0.05695
	0.17388
	0.0346
	53



	6
	3–4
	0.06701
	0.17103
	0.0128
	70



	7
	3–5
	0.01335
	0.04211
	0
	80



	8
	4–7
	0
	0.20912
	0
	40



	9
	4–9
	0
	0.55618
	0
	20



	10
	5–6
	0
	0.25202
	0
	70



	11
	6–11
	0.09498
	0.1989
	0
	30



	12
	6–12
	0.12291
	0.25581
	0
	30



	13
	6–13
	0.06615
	0.13027
	0
	30



	14
	7–8
	0.01
	0.045
	0
	60



	15
	7–9
	0
	0.11001
	0
	60



	16
	9–10
	0.03181
	0.0845
	0
	20



	17
	9–14
	0.12711
	0.27038
	0
	30



	18
	10–11
	0.08205
	0.19207
	0
	20



	19
	12–13
	0.22092
	0.19988
	0
	20



	20
	13–14
	0.17093
	0.34802
	0
	20
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Figure 1. Modeling of TCSC and SVC: (a) The static model of TCSC installed between bus i and bus j; (b) Steady state model of SVC. 
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Figure 2. Modeling of a network with some cuts. 
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Figure 3. The modeling of an example power system using MCA: (a) An example power system with generators 13 MW at 1 and 7 MW at 2 and loads of 11 MW and 9 MW; (b) A modeling of an example power system. 
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Figure 4. The flowchart of the CSA and its application: (a) The flowchart of the CSA; (b) The flowchart of the proposed process of applying the CSA to solve the problem to enhance power system static security via optimal installations of TCSC and SVC. 
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Figure 5. The proposed hybrid approach for the power system static security enhancement via optimal installations of TCSC and SVC under normal operation and even the most critical single line contingency condition. 
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Figure 6. IEEE 6-bus test system. 
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Figure 7. Comparison of bus voltage profiles of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 1. 
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Figure 8. Apparent power flow distributions of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 1. 
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Figure 9. Comparison of bus voltage profiles of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 2. 






Figure 9. Comparison of bus voltage profiles of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 2.



[image: Energies 10 01305 g009]







[image: Energies 10 01305 g010 550] 





Figure 10. Apparent power flow distributions of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 2. 
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Figure 11. The convergence characteristic of CSA for IEEE 6-bus test system: (a) The convergence characteristic of CSA for IEEE 6-bus test system with FACTS installation for case 1; (b) The convergence characteristic of CSA for IEEE 6-bus test system with FACTS installation for case 2. 
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Figure 12. Modified IEEE 14-bus test system. 
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Figure 13. Comparison of bus voltage profiles of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 1. 
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Figure 14. Apparent power flow distributions of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 1. 
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Figure 15. Comparison of bus voltage profiles of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 2. 
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Figure 16. Apparent power flow distributions of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 2. 
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Figure 17. The convergence characteristic of CSA for modified IEEE 14-bus test system: (a) The convergence characteristic of CSA for modified IEEE 14-bus test system with FACTS installation for case 1; (b) The convergence characteristic of CSA for modified IEEE 14-bus test system with FACTS installation for case 2. 






Figure 17. The convergence characteristic of CSA for modified IEEE 14-bus test system: (a) The convergence characteristic of CSA for modified IEEE 14-bus test system with FACTS installation for case 1; (b) The convergence characteristic of CSA for modified IEEE 14-bus test system with FACTS installation for case 2.
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Table 1. Apparent power flow through the transmission line of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 1.
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Line No.

	
Line

	
Limit Smax (MVA)

	
Case 1




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
1

	
1–2

	
40

	
28.51

	
29.19

	
29.81




	
2

	
1–4

	
60

	
50.34

	
50.36

	
50.41




	
3

	
1–5

	
40

	
40.55 1

	
39.51

	
38.73




	
4

	
2–3

	
40

	
7.06

	
7.10

	
8.13




	
5

	
2–4

	
60

	
51.68

	
51.10

	
50.57




	
6

	
2–5

	
30

	
25.18

	
28.80

	
23.00




	
7

	
2–6

	
90

	
35.69

	
35.09

	
36.27




	
8

	
3–5

	
70

	
24.47

	
23.39

	
32.97




	
9

	
3–6

	
80

	
62.44

	
62.08

	
59.41




	
10

	
4–5

	
20

	
6.87

	
6.23

	
5.68




	
11

	
5–6

	
40

	
1.29

	
2.13

	
4.76








1 The bold values represent the apparent power flow limits violations of the corresponding lines.
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Table 2. The minimum cut of IEEE 6-bus test system for case 1.
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	Line No.
	The Minimum Cut Passes Through





	2
	1–4



	3
	1–5



	5
	2–4



	6
	2–5



	7
	2–6



	8
	3–5
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Table 3. The proper candidate locations for FACTS installation of IEEE 6-bus test system for case 1.
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TCSC

	
SVC




	
Line No.

	
The Minimum Cut Passes Through

	
Loop i

	
Bus No.






	
2

	
1–4

	
1–4–5–1

	
No BVL 1




	
6

	
2–5

	
2–5–1–2




	
7

	
2–6

	
2–6–5–1–2




	
8

	
3–5

	
3–5–1–2–3








1 No bus voltage limit violations.
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Table 4. Optimal TCSC and SVC installation results of IEEE 6-bus test system for case 1.
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Parameters

	
Case 1




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
TCSC

	
Location

	
-

	
Line 2–5

	
Line 3–5




	
XTCSC (p.u.)

	
-

	
−0.06

	
−0.13




	
SVC

	
Location

	
-

	
-

	
-




	
QSVC (MVar)

	
-

	
-

	
-




	
J

	
7.6304

	
4.6973

	
4.0287











[image: Table] 





Table 5. Apparent power flow through the transmission line of IEEE 6-bus test system without and with FACTS installation by PSO and CSA for case 2.
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Line No.

	
Line

	
Limit Smax (MVA)

	
Case 2: Outage of Line 1–4




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
1

	
1–2

	
40

	
60.48 1

	
60.33

	
60.06




	
3

	
1–5

	
40

	
53.97

	
53.04

	
51.12




	
4

	
2–3

	
40

	
7.24

	
7.17

	
7.53




	
5

	
2–4

	
60

	
90.85

	
67.76

	
66.48




	
6

	
2–5

	
30

	
26.13

	
22.03

	
21.67




	
7

	
2–6

	
90

	
35.35

	
35.06

	
35.29




	
8

	
3–5

	
70

	
25.82

	
24.10

	
33.33




	
9

	
3–6

	
80

	
63.33

	
62.51

	
58.89




	
10

	
4–5

	
20

	
5.59

	
11.94

	
11.75




	
11

	
5–6

	
40

	
4.02

	
2.73

	
6.87








1 The bold values represent the apparent power flow limits violations of the corresponding lines.
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Table 6. The minimum cut of IEEE 6-bus test system for case 2.
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	Line No.
	The Minimum Cut Passes Through





	3
	1–5



	5
	2–4



	6
	2–5



	7
	2–6



	8
	3–5
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Table 7. The proper candidate locations for FACTS installation of IEEE 6-bus test system for case 2.
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TCSC

	
SVC




	
Line No.

	
The Minimum Cut Passes Through

	
Loop i

	
Bus No.






	
6

	
2–5

	
2–5–1–2

	
4




	
7

	
2–6

	
2–6–5–1–2




	
8

	
3–5

	
3–5–1–2–3
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Table 8. Optimal TCSC and SVC installation results of IEEE 6-bus test system for case 2.
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Parameters

	
Case 2: Outage of Line 1–4




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
TCSC

	
Location

	
-

	
Line 2–5

	
Line 3–5




	
XTCSC (p.u.)

	
-

	
0.042

	
−0.1456




	
SVC

	
Location

	
-

	
Bus 4

	
Bus 4




	
QSVC (MVar)

	
-

	
−58.67

	
−54.73




	
J

	
19.3493

	
11.9790

	
11.0428
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Table 9. Apparent power flow through the transmission line of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 1.
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Line No.

	
Line

	
Limit Smax (MVA)

	
Case 1




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
1

	
1–2

	
50

	
55.03 1

	
47.55

	
43.84




	
2

	
1–5

	
60

	
42.20

	
49.53

	
53.20




	
3

	
2–3

	
50

	
31.52

	
30.41

	
29.85




	
4

	
2–4

	
53

	
40.39

	
38.00

	
36.82




	
5

	
2–5

	
53

	
35.75

	
32.61

	
31.07




	
6

	
3–4

	
70

	
8.30

	
7.22

	
6.75




	
7

	
3–5

	
80

	
25.93

	
29.39

	
31.19




	
8

	
4–7

	
40

	
10.16

	
10.50

	
10.65




	
9

	
4–9

	
20

	
13.80

	
13.79

	
13.79




	
10

	
5–6

	
70

	
46.70

	
47.06

	
47.23




	
11

	
6–11

	
30

	
6.81

	
6.99

	
7.08




	
12

	
6–12

	
30

	
8.42

	
8.45

	
8.46




	
13

	
6–13

	
30

	
18.73

	
18.85

	
18.90




	
14

	
7–8

	
60

	
41.96

	
41.74

	
41.66




	
15

	
7–9

	
60

	
48.56

	
48.28

	
48.15




	
16

	
9–10

	
20

	
11.41

	
11.23

	
11.15




	
17

	
9–14

	
30

	
13.71

	
13.60

	
13.55




	
18

	
10–11

	
20

	
4.52

	
4.62

	
4.65




	
19

	
12–13

	
20

	
1.71

	
1.73

	
1.75




	
20

	
13–14

	
20

	
4.56

	
4.68

	
4.75








1 The bold values represent the apparent power flow limits violations of the corresponding lines.
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Table 10. The minimum cut of modified IEEE 14-bus test system for case 1.
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	Line No.
	The Minimum Cut Passes Through





	1
	1–2



	2
	1–5
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Table 11. The proper candidate locations for FACTS installation of modified IEEE 14-bus test system for case 1.
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TCSC

	
SVC




	
Line No.

	
The Minimum Cut Passes Through

	
Loop i

	
Bus No.






	
2

	
1–5

	
1–5–2–1

	
No BVL 1








1 No bus voltage limit violations.
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Table 12. Optimal TCSC and SVC installation results of modified IEEE 14-bus test system for case 1.
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Parameters

	
Case 1




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
TCSC

	
Location

	
-

	
Line 1–5

	
Line 1–5




	
XTCSC (p.u.)

	
-

	
−0.0573882

	
−0.0803836




	
SVC

	
Location

	
-

	
-

	
-




	
QSVC (MVar)

	
-

	
-

	
-




	
J

	
5.0799

	
4.4408

	
4.2714
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Table 13. Apparent power flow through the transmission line of modified IEEE 14-bus test system without and with FACTS installation by PSO and CSA for case 2.
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Line No.

	
Line

	
Limit Smax (MVA)

	
Case 2: Outage of Line 1–5




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
1

	
1–2

	
50

	
97.71 1

	
97.49

	
97.50




	
3

	
2–3

	
50

	
37.96

	
41.01

	
41.12




	
4

	
2–4

	
53

	
53.92

	
51.55

	
51.45




	
5

	
2–5

	
53

	
54.02

	
51.74

	
51.64




	
6

	
3–4

	
70

	
16.09

	
18.73

	
18.75




	
7

	
3–5

	
80

	
15.52

	
13.26

	
13.05




	
8

	
4–7

	
40

	
7.98

	
8.37

	
8.38




	
9

	
4–9

	
20

	
13.73

	
13.06

	
13.00




	
10

	
5–6

	
70

	
44.21

	
42.08

	
41.91




	
11

	
6–11

	
30

	
5.30

	
6.14

	
6.20




	
12

	
6–12

	
30

	
8.22

	
7.77

	
7.74




	
13

	
6–13

	
30

	
18.01

	
16.70

	
16.64




	
14

	
7–8

	
60

	
44.38

	
41.31

	
41.18




	
15

	
7–9

	
60

	
50.58

	
47.92

	
47.78




	
16

	
9–10

	
20

	
12.56

	
12.22

	
12.19




	
17

	
9–14

	
30

	
14.46

	
16.04

	
16.46




	
18

	
10–11

	
20

	
3.77

	
4.38

	
4.43




	
19

	
12–13

	
20

	
1.49

	
0.84

	
0.82




	
20

	
13–14

	
20

	
3.56

	
3.08

	
3.40








1 The bold values represent the apparent power flow limits violations of the corresponding lines.
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Table 14. The minimum cut of modified IEEE 14-bus test system for case 2.
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	Line No.
	The Minimum Cut Passes Through





	4
	2–4



	5
	2–5



	6
	3–4
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Table 15. The proper candidate locations for FACTS installation of modified IEEE 14-bus test system for case 2.
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TCSC

	
SVC




	
Line No.

	
The Minimum Cut Passes Through

	
Loop i

	
Bus No.






	
6

	
3–4

	
2–4–3–2

	
14




	
2–5–4–3–2




	
3–4–2–3
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Table 16. Optimal TCSC and SVC installation results of modified IEEE 14-bus test system for case 2.
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Parameters

	
Case 2: Outage of Line 1–5




	
Without FACTS

	
With FACTS




	
PSO

	
CSA






	
TCSC

	
Location

	
-

	
Line 3–4

	
Line 3–4




	
XTCSC (p.u.)

	
-

	
−0.0891408

	
−0.0923562




	
SVC

	
Location

	
-

	
Bus 14

	
Bus 14




	
QSVC (MVar)

	
-

	
−52.12

	
−16.43




	
J

	
20.6624

	
18.8808

	
18.8678
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Table 17. Simulation time of two test systems with FACTS installation by different techniques for case 2.






Table 17. Simulation time of two test systems with FACTS installation by different techniques for case 2.





	
Test Systems

	
Simulation Time (s)




	
PSO

	
CSA

	
MCA_TVT

	
_PSO

	
MCA_TVT

	
_CSA






	
IEEE 6-bus

	
70.8271

	
56.2426

	
3.2154

	
56.5762

	
3.2154

	
44.6155




	
59.7916

	
47.8309




	
Modified IEEE 14-bus

	
82.3753

	
69.8531

	
9.6428

	
64.2217

	
9.6428

	
50.5762




	
73.8645

	
60.2180
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