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Abstract

:

Transient stability improvement of power systems in the event of short-circuit faults has always been an important issue in power systems analysis and studies. Resistive-type superconducting fault current limiters (RSFCL), owing to their capability in restricting fault currents, have been often taken into account as an efficient method to improve the transient stability of a power system. Regarding technical constraints as well as economic concerns, optimal allocation and sizing of RSFCLs in a power system play a crucial role in their efficient utilization. This paper aims to continue the authors’ previous work and enhance the transient stability of power systems by proposing an optimization approach for optimal sizing and the allocation of various candidate numbers of RSFCLs, as the most employed type of SFCL and the most efficient one in transient stability improvement. To solve the optimization problem, a PSO-based algorithm is solved in MATLAB through an objective function and related constraints. The efficacy of the proposed algorithm is evaluated by numerical studies on the IEEE 39-Bus New England system in various scenarios through the assessment of critical fault clearing time (CCT) as well as the generators rotor angle deviations as two crucial criteria for the transient stability of power systems. Simulating the optimization results in DIgSILENT Power Factory indicates an evident enhancement of the power system transient stability via employing optimized RSFCLs resulted from the proposed optimization algorithm. Moreover, the level of transient stability enhancement highly depends on the number of optimized RSFCLs employed in the power system. The results of this paper present a helpful guideline for power system planners to select an appropriate stability scheme based on RSFCLs besides other related technical and economic issues.
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1. Introduction


Electric power systems are always susceptible to large disturbances such as short-circuit faults as the most common failures [1,2]. In the event of short-circuit faults, the fault is to be cleared as soon as possible and the fault current must be limited; otherwise, it may result in severe problems, including stability problems, especially transient stability risks. Superconducting fault current limiters (SFCL) are one of the leading topics of current-limiting technologies in the world [3]. In addition to economic benefits, limiting the short-circuit current using SFCLs has many technical advantages, including almost no power losses or voltage drops during normal operation, no considerable overvoltage or harmonic injection in steady-state conditions, voltage stability improvement by preventing fast voltage drop, reduction of instant large reactive power demanded by reactive impedances during a short-circuit fault, and the most crucial one, the transient stability enhancement of the power system [4,5,6]. Among various types of SFCLs, resistive-type SFCLs have been the most employed SFCL so far [3]. This is due to their simple structure, small size, low weight, and needing less superconductive material, which significantly reduces the related costs compared to other types of SFCLs [3,4]. As mentioned above, employing SFCLs can be considered one of the beneficial methods to improve the transient stability of a power system. However, regarding technical constraints as well as economic concerns, their optimal sizing and allocation in a power system will be of great importance [7,8]. The effect of SFCLs on power systems’ transient stability has been studied so far in several papers. The effectiveness of resistive-type superconducting fault current limiters RSFCLs with optimal shunt resistors in the transient stability improvement of a power system has been admitted in [9] based on the minimization of rotor kinetic energy oscillations and simulations by EMTP/ATP. The improvement of transient behaviors in ring networks has been analyzed in [10] by employing optimal SFCLs using a micro-genetic algorithm (micro-GA) combined with a hierarchical genetic algorithm (HGA) to simultaneously search for the optimal location and SFCL capacity. The efficacy of the proposed approach is revealed by numerical studies with a loop power system. Utilizing a series of proposed RSFCLs to enhance the transient stability of power systems has been modeled and simulated in [11]. The result of this work demonstrates the efficiency of the optimal value of RSFCLs in the stability enhancement, as well as damping improvement of rotor angle oscillations in power systems. In [12], the effect of SFCLs on the dynamic behavior of generators in the event of a three-phase short circuit in a two-machine-infinite bus system has been simulated and analyzed using EMTP/ATP, demonstrating the efficient role of SFCLs in the transient stability improvement of power systems. It is concluded that employing SFCL with shunt resistance is effective for all fault points for enhancing the transient stability and limiting the fault current. Employing RSFCL as a powerful controller to improve the transient stability of power systems has been simulated in [13], and a method to assess an appropriate resistance is proposed, the result of which is that the higher the value of the resistance, the more the improvement in transient stability. Enhancement of transient stability in a large number of low-voltage-connected induction micro-generators using RSFCLs has been assessed in [14], revealing the efficiency of RSFCLs in preventing the micro-generators from reaching their speed limits during remote faults and hence, improving their transient stability. In addition, the minimum value of a resistive element of RSFCL required for improving the transient instability of LV-connected micro generation based on the system and connected machine parameters has been calculated. Power systems’ transient stability enhancement in a multi-machine power system by the combined operation of SFCL and optimal reclosing of circuit breakers has been executed in [15], wherein the total kinetic energy (TKE) of the generators has been employed in order to investigate the transient stability improvement. Simulation results specify the good enhancement of the transient stability by employing the proposed combination of the optimal reclosing of circuit breakers and SFCLs. Robust control of combined genetic-algorithm-based optimization of RSFCL and energy capacitor storage (ECS) has been utilized in [16] for power system transient stability enhancement. Simulation results of this paper show that the combination of suitable RSFCL and ECS can improve the transient stability of power systems better than employing stand-alone ECS. Transient stability improvement in microgrids using RSFCL with a series active power filter has been studied in [17], concluding that RSFCL with series-active power filters compensates for the voltage magnitudes and reduces the harmonics and therefore, results in the improvement of the transient stability. In [18], employing a method based on the equal area criterion, selecting the location of RSFCL and inductive-type SFCL (ISFCL) was investigated, taking into account the transient stability issue, and it was concluded that RSFCL is a better choice than ISFCL for improving transient stability power systems. A comparison between resistive and inductive types of SFCL considering the current limitation and transient stability of power systems has been studied in [19] using a method based on the equal area criterion to assess the critical clearing angle (CCA) as well as a time-domain approach to investigate the critical clearing time (CCT) for transient stability analysis. The results of this paper demonstrate that the RSFCL is better at limiting the fault current and hence, improving the power system transient stability in the event of a short circuit. Finally, a new approach has been proposed in [20] for the optimal allocation of RSFCLs to improve the transient stability of a power system using the sensitivity analysis of the angular deviation of synchronous generators. It has been revealed that RSFCL may have positive and negative impacts according to its location in the event of a fault occurrence. Moreover, the transient stability improvement of the power system is related to the optimal location and value of the RSFCLs in a way that their optimal locations and values decrease the rotor angular deviations, resulting in the efficient enhancement of the transient stability.



Reviewing the above-mentioned literature and to the best of the authors’ knowledge, it can be concluded that, although the role of resistive-type SFCLs in the transient stability improvement of power systems and their comparison with other types of SFCLs or other means of transient stability enhancements have been studied in various papers, few researchers have so far taken into account the optimal sizing and allocation of RSFCLs for the purpose of the transient stability enhancement of power systems. Therefore, regarding the fact that the number and values of RSFCLs in power systems are restricted due to economic issues as well as technical constraints, their optimal allocation and sizing can result in their feasible employment in power systems. The authors of this paper have previously performed a study [21], wherein the sizes and locations of a specified number of resistive-type SFCLS are optimized based on a selected short-circuit fault for the objective of transient stability enhancement. Furthermore, in our previous work, the optimization is performed for a fixed number of five RSFCLs and the criterion of the transient stability assessment is limited only to the generators’ rotor angle deviations, and no CCT evaluations have been done. In this paper, we aim to continue and complete our previous work through a detailed optimization of various candidate numbers of RSFCLs in order to improve the transient stability for a carefully selected short-circuit fault. In addition, comprehensive CCT investigation is performed in our new work to compare the effect of different numbers of optimized RSFCLs on the transient stability enhancement. We propose an algorithm based on particle swarm optimization in order to improve the transient stability of power systems by the optimal sizing and allocation of RSFCLs, as the most employed type of SFCL regarding their above-mentioned advantages. To solve the optimization problem, a meta-heuristic approach is proposed and solved by a PSO-based algorithm in MATLAB using Power System Toolbox for transient stability analysis [22]. Optimization results are simulated by means of DIgSILENT Power Factory [23], a powerful package with detailed models of power system elements as well as accurate calculation methods.



The main contributions of this paper are summarized as follows:




	(1)

	
The optimization problem is solved for two cases, considering three and five RSFCLs due to a trade-off between technical and economic issues. Results are compared based on a detailed analysis.




	(2)

	
Two main criteria are considered for the assessment of transient stability enhancement including the critical fault clearing time (CCT) as well as the generators’ maximum rotor angle deviations. Comprehensive simulations and investigations are performed for both criteria.




	(3)

	
The three-phase short-circuit fault location is carefully selected regarding the maximum normal condition power flow of the selected transmission line, which will result in a larger power swing in the event of its short-circuit fault occurrence, leading to more serious transient instability issues.









The remainder of this paper is as follows: Resistive superconductive fault current limiters are briefly reviewed in Section 2. The proposed optimization problem is formulated in Section 3, and the solution PSO-based algorithm, along with a review of particle swarm optimization, is presented in Section 4. Numerical studies are conducted in Section 5, and simulation results are discussed in Section 6. Finally, conclusions and suggestions for future work are presented in Section 7.




2. Resistive Superconducting Fault Current Limiters


The SFCL principle is based on high-temperature superconductor (HTS) materials [3]. The HTS material makes it possible to have a quickly increased resistance and be variable from a superconducting state to a normally conducting state [4]. In normal operations, the SFCL is in superconducting mode and has almost no electrical resistance and no losses under a certain current density, temperature, or magnetic field [3]. However, over a certain temperature, it will be in current-limiting mode, injecting high impedance into the fault path to limit the fault current. Thus, SFCLs are connected in series with the power system and their impedance is varied regarding the operating condition [3]. In the event of faults and due to a temperature rise, current density, or magnetic field, the variable impedance of the SFCL is increased to a value that can limit the fault current. The discovery of HTS has considerably improved the economic operation of SFCLs regarding the capability of HTS materials for operation at higher temperatures [24]. SFCLs employ a quench characteristic for limiting the fault current, and they must recover their initial condition after fault clearance [25,26]. The thermal energy stored inside the superconductor results in quenching, and, once the fault current is limited, it resets [27,28].



SFCLs consist of various types, including the resistive type, inductive type, and saturated-core type, etc., among which the resistive-type SFCL is the most developable and commercial type due to its simple structure, low weight and small size, and lower required amount of superconductive material, which leads to reduced operation cost [3,27,28]. Indeed, the RSFCL is a nonlinear resistor with no resistance in normal conditions but a high resistance in fault events, which limits the fault current by increasing the current density in the superconductor for a limited time. Its operation is based on the physical properties of its superconductor element and thus, no external controls are required [3]. Figure 1a shows the schematic of a RSFCL in series with a line, and a practical installation of SFCL is presented in Figure 1b. The superconducting element is immersed into a coolant bath as the main current-carrying conductor, which passes the normal load current with theoretically zero losses [29].



Figure 2 illustrates a simple model of RSFCL in a single-machine infinite bus (SMIB) system. A typical RSFCL is usually consisted of n interconnected units in which every unit involves a shunt resistance, RShunt, in parallel with a superconductor resistance of RSC [11,28]. RShunt and RSC are zero in normal steady-state condition. Once the quenching is occurred, they will have non-zero time-varying values [20]. Total resistance of the RSFCL during a fault depends on the series-connected number of units.



Therefore, a RSFCL can be presented by time-varying resistance as follows [11]:


   R  S F C L     ( t )     =    {    0   ,    t 0    >   t        R m      [  1   −    e  ( −       t   −    t 0         T  S C     )    ]    1 2      ,    t 0    ≤   t     <    t 1           a 1    ( t   −  t  1     )   +    b 1    ,    t 1    ≤   t     <    t  2          a  2       ( t   −    t 2    )   +    b 2    ,    t 2    ≤   t        



(1)




where t0 is the quenching start time, and t1 and t2 are the first and second recovery times, respectively. TSC is typically considered to be 1 m.s. [11].



RSFCLs can be applied in power systems at different voltage levels and in various positions, mainly including generator feeder, transformer feeder, network coupling, outgoing feeder, and bus bar coupling [31,32,33]. Figure 3 shows the possible applications of SFCLs in the power system.




3. Problem Formulation


3.1. Objective Function


Transient stability evaluation in a power system plays a crucial role in view of contingency classification and providing indications for power systems planning and design, and many studies have been performed to improve the methods for the numerical analysis of power system transient stability [34,35,36]. Transient stability is a situation in which the machines remain in synchronism once a severe disturbance occurs in the system. As far as the system is operating in the steady-state condition, there is equilibrium between the mechanical input power of each unit and the electrical power output of that unit, in addition to total losses. However, an unexpected change in the electrical power output caused by a severe and sudden disturbance will obliterate this balance, which will result in accelerating power as follows [37,38]:


   P a  =  P m  −  P e   



(2)







Hence, the accelerating power of the system in the event of a short-circuit fault depends on the difference between the mechanical power and the electrical power. The    P e    equation can be expressed as:


   P e  =  |   E i ′   |   |   E j ′   |   |   Y  i j    |  sin  ( δ )   



(3)




where    |   E i ′   |    and    |   E j ′   |    are the transient internal voltage magnitude of generators at buses i and j, respectively.    |   Y  i j    |    is the element of the bus admittance matrix (   Y  b u s    ) representing the connection between buses i and j. Finally,    ( δ )    is the difference between the voltage angles of buses i and j    (    δ =  δ 1  −  δ 2   )   . When a RSFCL is added to the connection between two generators, its resistance value will be added to the real part of the related element of the    Y  b u s     matrix of the system. Therefore, in the event of a short circuit and considering the SMIB system in Figure 2, the    Y  b u s     matrix element for a connection with RSFCL can be written as [39]:


   Y  i j   =  1   R  R S F C L   +  R e  + j  X e     



(4)




where    R  R S F C L     is the resistance of the RSFCL with a value according to (1), and    R e    and    X e    are the resistance and reactance of the transmission line between buses i and j, respectively.



The harshness is measured by the drop of this power to a very low or zero value and a significant sudden acceleration of the machines. This concept is expressed by the swing equation as follows [38]:


    2 H    ω 0       d 2  δ   d  t 2    =  P a   



(5)







From (3), the relationship between the rotor angle and the accelerating power will be as follows [38]:


     d 2  δ   d  t 2    =      ω 0    2 H   (  P m  −  P e  )                       ⇒                        (    d δ   d t    )   2    =     ∫     ω 0    (  P m    −    P e  )  H    d δ       



(6)







The term   ( d δ /   d t )   is the speed deviation and is initially zero, but it will change as a result of a disturbance.



The existence of    R  R S F C L     will cause a change in the related element of the    Y  b u s     matrix, resulting in a variation in the voltage angle differences between the generators, as well as the electrical power (   P e   ) of the system. A more detailed model of power systems and their transient stability studies in the presence of RSFCLs was presented in [11,19]. Once a fault occurs, the rotor angle of generators will start to oscillate depending on the fault location and its clearing time. In an n-generator power system, one generator is slack, and the remaining (n − 1) generators are considered non-slack generators. To investigate the transient stability of a system in the case of a short-circuit event, the rotor angle (δ) oscillations of non-slack generators are depicted vs. that of the slack generator, wherein the damping of these oscillations in a suitable time interval will reveal the stability of the system [22,38]. Therefore, the area under the rotor angle curve in a specified time interval can be considered a criterion for transient stability assessment. Figure 4 illustrates the δ oscillation of a generator at a time interval of T. The integration of this curve in a [0 − T] interval will result in its area. Hence, the reduced area of the δ oscillation curve denotes that either the amplitude of oscillations are decreased or the oscillations are damped faster, both revealing the transient stability improvement.



Consequently, in this paper, minimizing the total sum of areas under the rotor angle oscillation curves in a specified time interval by means of optimized sizes and locations of candidate RSFCLs in the presence of related constraints has been considered the objective function of the optimization problem for improving the power system transient stability. Hence, the objective function of the problem can be written as follows:


    min         O F =  [        ∑  j = 1   n − 1        ∫ 0 T        |    δ j   ( t )    |      d ( t )              ]                            ;   ∀   j   ∈    N  n s g       ;       j   ∉    G  S L                                              S u b j e c t       t o :       D e s i c i o n     var i a b l e s     a s     ( 8 )     a n d                                                                                           C o n s t r a i n   t s   ( 9 )     t o     ( 17 )    



(7)




where [0 − T] is the integration interval, which is considered the post-fault study time. In addition,    δ j   ( t )    is the rotor angle oscillation of non-slack generators compared to that of the slack-bus generator. Thus, in a power system with n generators, there will be (n − 1) non-slack generators. Therefore, the summation of rotor angle oscillation areas in the objective function has been defined for (n − 1) generators. The objective function is subject to decision variables, as well as the constraints related to power system analysis. In the following, the decision variables, as well as the constraints of the proposed optimization problem, will be explained.




3.2. Decision Variables


The purpose of the optimization problem is to simultaneously optimize the sizes and locations of the set of candidate RSFCLs (CR). Hence, the decision variables (X) of the proposed optimization problem can be defined as follows:


  X =    [      S 1  ,    S 2  ,   … ,    S  C R    ⏞   R S F C L         s i z e   s   ,               L 1  ,    L 2  ,   … . ,    L  C R    ⏞   R S F C L           l o c a t i o n s    ]   



(8)




where S variables denote the sizes of the candidate number of RSFCLs to be optimized, and L variables present their locations. Size variables are per unit (p.u.) of the system base MVA and have continuous values, with upper and lower bounds assigned according to the power system under study. Location variables have discrete values presenting the branch in which the candidate RSFCLs will be located. Consequently, the optimization problem proposed in this paper is a mixed-integer non-linear (MINLP) problem due to the non-linear equations of the power system transient stability evaluation, as well as the AC load flow equations of the power system, which requires an appropriate solution algorithm. In this paper, a meta-heuristic algorithm based on the particle swarm optimization (PSO) method, is utilized to solve the optimization problem.




3.3. Constraints


The proposed optimization problem is subjected to some technical constraints as follows:


   P  G i   min     ≤      P  G i       ≤      P  G i   max                                 ;   ∀   i   ∈    N G   



(9)






   Q  G i   min     ≤      Q  G i       ≤      Q  G i   max                                       ;   ∀   i   ∈    N G   



(10)






   P  G i      −    P  L i     =    |   V i   |      ∑  j ∈  N B      |   V j   |     |   Y  i j    |    C o s   (  θ i    −    θ j    +    φ  i j   )                                 ;   ∀   i   ∈    N B   



(11)






   Q  G i      −    Q  L i     =    |   V i   |      ∑  j ∈  N B      |   V j   |     |   Y  i j    |    S i n   (  θ i    −    θ j    +    φ  i j   )                                       ;   ∀   i   ∈    N B   



(12)






   θ  r e f   = 0                  



(13)






    ∑  i = 1    N G       P  G i        ≥       ∑  j = 1    N L       P  L j                        



(14)






  0     ≤      S  R S F C L ,   k       ≤      S  R S F C L ,   k   max                                                   ;   ∀   k   ∈    N  C R    



(15)






     L  R S F C L ,   k         ∈         C  L  R S F C L                                                         ;   ∀ k   ∈    N  C R    



(16)






     L  R S F C L ,   k         ≠          L  R S F C L , k ′                                   ;   ∀ k , k ′   ∈    N  C R                 ∀  L  R S F C L , k , k ′   ∈ C  L  R S F C L    



(17)







Equations (9) to (11) represent the active and reactive power generation limits of generators, as well as the active and reactive power balance in buses based on AC power flow, respectively. Equation (13) fixes the angle of the reference bus. Constraint (14) ensures that total power generation in the system will cover the total load demand. Constraint (15) determines the size of candidate RSFCLs within their allowable limits. Constraint (16) states candidate RSFCLs are located in candidate feeders. Finally, in constraint (17), it is ensured that only one RSFCL can be installed at each candidate location.





4. Problem Solution


As described above, in order to solve the proposed mixed integer non-linear (MINLP) problem, a meta-heuristic algorithm based on the particle swarm optimization (PSO) method is employed in MATLAB to solve the optimization problem. In the following, the PSO algorithm is briefly reviewed, and then the presented PSO-based optimization algorithm will be explained in detail.



4.1. Particle Swarm Optimization


Particle swarm optimization is a meta-heuristic global optimization method, which has caught the attention of many researchers over the last two decades owing to its simplicity of application in complex multidimensional problems that cannot be solved via deterministic algorithms [40]. The PSO is inspired from the social behaviors of bird flocking or fish schooling, in which the particles in each step use their own behavior associated with the previous iterations [41,42]. Each particle represents a potential solution to the problem that moves in a D-dimensional search space; next, it moves its position in the search space and updates its velocity according to its own and neighbors’ flying experience, aiming to find a better position for itself. Thus, the particles are diverted toward searching around the found minimum. In moving towards the minimum point, the velocity of each particle and its updated position is identified by (18) and (19), respectively [42].


    v →  i    (   t + 1   ) = C      ⌊    φ       v →  i   ( t )      +      r 1     C 1     (      x →   p b e s  t i    −       x →  i     ( t )     )      +      r  2        C 2       (      x →   g b e s  t i    −       x →  i     ( t )     )       ⌋   



(18)






    x →  i  ( t + 1 ) =   x →  i  ( t ) +   v →  i  ( t + 1 )  



(19)




where r1 and r2 are random values in [0, 1]. C1 and C2 are typically considered 2.05 (C1 + C2 = 2.1), and the constriction factor C is determined as follows [43]:


  C =  2   |  2 − ϕ −    ϕ 2  − 4   ψ    |                              ;     ϕ =  C 1  +  C  2       ,   ϕ > 4  



(20)







The PSO algorithm starts with a random population, and its success depends a lot on the correct setting of parameters [43]. Compared to other popular evolutionary computing algorithms, such as the genetic algorithm, the application of PSO is simple, and a relatively low number of parameters are needed to be adjusted. These benefits have made it an attractive selection for many problems, which necessitate approximate solutions up to a certain degree [40]. Hence, regarding its various advantages as well as its other assets, the PSO algorithm is employed in this paper to solve the proposed optimization algorithm.




4.2. The Proposed PSO-Based Optimization Algorithm


A typical particle in PSO for the proposed optimization problem is presented in Figure 5. This particle includes two parts. Each dimension in part 1 represents the size of the corresponding RSFCL as a real number within the considered bounds. In part 2, the location of the candidate RSFCL is presented by a discrete value. The flowchart of the proposed PSO-based algorithm is shown in Figure 6. The algorithm is coded in MATLAB using power system toolbox [22] for performing the transient stability analysis.



According to the flowchart of the proposed PSO-based algorithm in Figure 6, the proposed optimization approach starts with gathering the required data for problem solution including power system data, short-circuit fault data, fault clearing time, number of candidate RSFCLs, bounds of decision variables, and PSO parameters. A random swarm is generated by the PSO algorithm, and then the iteration starts by selecting the first particle. Next, the considered short-circuit fault is applied to the system, and it is cleared after the specified time. In the next step, transient stability analysis is performed for this fault and the objective function of the selected particle is calculated using Equation (7), taking into account the decision variables defined in Equation (8), as well as the constraints presented in Equations (9) to (17). Based on the calculated value for the objective function in the current step and according to the PSO procedure, particles are updated by means of Equations (18) and (19). This process is performed for all of the considered particles in the PSO and for all of the iterations. Finally, the best results calculated by the algorithm are presented as the final solution of the optimization problem. The results of the optimization problem include optimal sizes and optimal locations of the candidate RSFCLs.





5. Numerical Studies


The IEEE 39-bus New England system is employed to investigate the efficiency of the proposed method with more detailed evaluations. This system, which is the well-known standard system for performing the stability studies, is a simplified model of the high-voltage transmission system in the northeast of the U.S.A. (New England area) and consists of 39 buses, 10 generators, 19 loads, 34 lines, and 12 transformers. Figure 7 illustrates a single-line diagram of this system, and its detailed data is available in [44]. The simulation file of this system using DIgSILENT Power Factory is accessible in [23], which is modeled at the nominal frequency of 60 Hz and the main voltage level of 345 kV [44]. Generator “G1” represents the interconnection to the rest of the transmission system (U.S. and Canadian) and is therefore directly connected at the 345 kV level. All other generators are connected via transformers. In addition, generator “G2” is the slack element of the network model [44].



The PSO setting data, as well as variables bounds, are presented in Table 1. Candidate locations for RSFCLs are 34 line feeders, as well as 12 transformer feeders of the 39-bus New England system. The size of RSFCLs have the lower and upper bounds of 0 and 0.025 p.u., respectively, taking into account the practical values of RSFCLs, as well as power flow calculation constraints in solving the optimization problem. It is worth noting that power system stabilizers (PSS) are not taken into account in this paper due to economic issues, as well as to perform a better evaluation of the optimized RSFCLs in the transient stability improvement of power systems. PSO parameters are selected based on [42,43]. Table 2 presents the characteristics of the considered three-phase short-circuit fault. To consider a severe disturbance, a symmetrical three-phase short-circuit fault is applied to the line (21–22) very close to bus 22 and is cleared by opening it from two ends. This line is selected due to its maximum power transmission among all other lines in normal condition power flow calculations, which will result in a large power swing in the event of its short-circuit fault, leading to more serious transient instability issues. It is worth mentioning that the considered fault is not necessarily the most severe possible fault in the system, as many issues are involved in considering a fault the most severe one for transient stability studies. However, based on the performed assessments, the fault taken into account in this paper is severe enough for the evaluation of the proposed approach.



The optimization problem is solved in two scenarios:



Scenario 1: Optimization of three candidate RSFCLs



Scenario 2: Optimization of five candidate RSFCLs.



The reason for solving the optimization problem for three- and five-candidate RSFCLs is to conduct a better comparison and evaluation on the role of their sizes and locations in improving the power system transient stability. It is worth noting that the optimization objective is to enhance the transient stability by calculating the optimal sizes and locations of a set of RSFCLs, and hence, considering the financial issues, including the investment costs of RSFCLs, are not the scope of the current paper. However, taking into account the investment costs of RSFCLs, and hence, considering the number of candidate RSFCLs as decision variables and comparing the results with those obtained in this paper can be another scope of research, which the authors will try to perform in their future research.



Optimization results are summarized in Table 3 in p.u. values based on 100 MVA and 345 kV. The convergence of the objective function vs. iterations is illustrated in Figure 8a,b for scenarios 1 and 2, respectively. Comparing the objective function values in both scenarios reveals the better minimization of the objective function in the case of five RSFCLs compared to that for three RSFCLs. Figure 9 illustrates the locations of RSFCLs in both scenarios. Blue-colored arrows represent the locations of three optimized RSFCLs, while green-colored arrows denote the locations of five optimized RSFCLs. The optimization algorithm has been run several times to ensure the optimized results.




6. Simulation Results and Discussion


To investigate the optimization results, the three-phase short-circuit fault considered in Table 4 is applied to the 39-bus New England power system, and the transient stability is simulated before and after employing the optimization results. To evaluate the transient stability of a power system, maximum rotor angle deviation, critical fault clearing time, and the comparison between the rotor angle (δ) oscillations of synchronous generators and that of the slack generator are some common criteria [22,38]. In this paper, the critical fault clearing time (CCT) of the power system as well as the rotor angle deviations of generators are employed as the indicators to assess the transient stability improvement of the power system under study.



6.1. CCT Enhancement


Critical fault clearing time (CCT) defines the maximum time a severe fault can be applied to a power system while keeping its stability [45,46]. Indeed, the system will remain stable when a fault is cleared before the CCT [47,48]. The CCT mainly accounts for the system parameters, as well as the implemented protection features in the power system, including protective relay type, breaker interrupt time, fault detector reset time, margin time, and backup breaker interrupt time [49]. In a fast protection system, considering the properties of the protection system, it will take typically three to five cycles before a fault can be cleared, which for a system with an operating frequency of 60 Hz, will need a minimum of 50 to 85 m.s. so that the system can clear the fault and remain stable [49]. In a power system and in order to make a safer margin for the transient stability, the greater the CCT, the more stable the system against severe disturbances, meaning that the protection system has a reliable margin time to clear the fault without losing system stability. Hence, CCT is usually considered a crucial index of transient stability assessment in a power system. Table 4 summarizes the CCT of the investigated scenarios compared to that in the case of not employing RSFCLs, as the base-case scenario. In addition, the simulations of CCT calculation in the 39-bus New England system in the base case, as well as the scenarios of applying three and five RSFCLs, are illustrated in Figure 10, Figure 11, and Figure 12, respectively. It is observed that, in the base case and for the considered fault, the CCT of the system is 80 m.s., which is very close to the above-mentioned bound (at FCT = 81 m.s., generators G6 and G7 become unstable). Hence, there is almost no security margin for the transient stability in the system. However, through the implementation of the optimal RSFCLs resulting from the proposed optimization algorithm, the CCT of the system has been increased to 91 and 226 m.s. in cases of employing three and five RSFCLs, respectively, demonstrating the good sufficiency and effectiveness of both scenarios in improving the CCT of the power system and thus, the enhancement of the transient stability margin based on the considered three-phase short-circuit fault. Moreover, it is realized that, in Scenario 1, the CCT has been improved by 11 m.s., while in Scenario 2, the CCT enhancement is 146 m.s. Hence, there is a significant increase in the CCT of Scenario 2 compared to that of Scenario 1, presenting a helpful guideline for power system planners to select the appropriate stability scheme, taking into account the technical and economic tradeoffs between the two scenarios.




6.2. Improvement of Rotor Angle Deviations


6.2.1. Scenario 1: Optimization of Three Candidate RSFCLs


Figure 13a–i illustrates the generators’ rotor angle deviations with reference to that of the reference machine. Red-colored curves depict the rotor angle oscillations before optimization, while the blue-colored curves represent the rotor angle oscillations in the presence of optimized RSFCLs. The curves depict a reduction in the maximum deviation of the rotor angles in the case of employing optimization results. Moreover, optimized RSFCLs have made the generators G6 and G7 stable.




6.2.2. Optimization of 5 Candidate RSFCLs


The rotor angles of generators with reference to that of the reference machine are illustrated in Figure 14a–i. Red and blue colored lines show the rotor angle oscillations without and with employing the RSFCLs, respectively. Oscillation curves besides the stability of generators G6 and G7 reveal a reduction in the rotor angle deviations in the presence of optimized RSFCLs.



Table 5 compares the generators’ maximum rotor angle deviations for the considered three-phase short-circuit fault in both scenarios. It is observed that, besides the good improvement of CCT as discussed in the previous sub-section, a reduction in rotor angle deviations of generators has resulted, as a consequence of employing optimized RSFCLs. This reduction in rotor angle deviations can also be interpreted as an improvement in the transient stability of the power system.






7. Conclusions


In this paper, an approach was proposed based on the particle swarm optimization (PSO) algorithm for the optimal sizing and allocation of resistive-type superconducting fault current limiters (RSFCL) in order to improve the transient stability of power systems in the event of a three-phase short-circuit fault. To solve the optimization problem, an optimization approach was presented based on PSO, taking into account the objective function, optimization variables, and related constraints. The proposed algorithm was then coded in MATLAB. The efficiency of the proposed optimization algorithm was evaluated by numerical studies on the IEEE 39-bus New England system. Two scenarios were considered, including optimal sizing and the allocation of three and five RSFCLs. Optimization results were then simulated in DIgSILENT Power Factory demonstrating that, in the case of employing RSFCLs with sizes and locations resulting from the proposed optimization algorithm, the transient stability of the power system was noticeably improved, in view of increasing the critical clearing time (CCT), as well as the reduction of generators’ rotor angle deviations. For the considered short-circuit fault, the CCT was improved by 11 m.s. for three optimized RSFCLs, while its improvement for five optimized RSFCLs was 146 m.s., revealing a distinct better improvement of transient stability in the case of employing five optimized RSFCLs. In addition, simulation results depicted a reduction in the maximum deviation of the generators’ rotor angles in both scenarios. In order to continue and advance the results of this paper, investigating the impact of different short-circuit faults, as well as taking into account the economic aspects of RSFCLs in the objective function and optimizing the number of RSFCLs besides their sizes and locations, would be worthwhile issues for future research.
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Nomenclature


	
Abbreviations








	FCL
	Fault current limiter



	SFCL
	Superconducting fault current limiter



	RSFCL
	Resistive-type superconducting fault current limiter



	CCT
	Critical fault clearing time



	PSO
	Particle swarm optimization



	FCT
	Fault clearing time



	p.u.
	Per unit






	B.

	
Indices and sets









	NG
	Set of generation buses



	NB
	Set of power system buses



	NL
	Set of power system loads



	NCR
	Set of candidate RSFCLs



	   C  L  R S F C L     
	Set of locations for candidate RSFCLs



	    S  C R     
	Set of size decision variables (continuous variables)



	    L  C R     
	Set of location decision variables (integers)



	Nnsg
	Set of non-slack generators



	j
	Index of non-slack generators



	X
	Set of decision variables,   X   =    [   S  C R   ,    L  C R    ]   



	i
	Index of buses






	C.

	
Parameters and variables









	δ
	Rotor angle of generator in electrical radians



	Pm
	Mechanical power input of generator in p.u.



	Pe
	Electrical power output of generator in p.u.



	H
	Inertia constant of generator in MW-s/MVA



	ω0
	Nominal speed of generator in electrical radian/s



	OF
	Objective function



	δj(t)
	Rotor angle magnitude of the jth generator at time t with reference to the slack generator



	n
	Number of generators in the power system



	GSL
	Slack bus generator (reference machine)



	CR
	Number of candidate RSFCLs to be optimized



	    P  G i   ,    Q  G i     
	Generated active power (MW) and reactive power (MVAR) at bus i



	    P  L i   ,    Q  L i     
	Active (MW) and reactive (MVAR) loads at bus i



	    P  G i   min     ,    Q  G i   min     
	Minimum active power (MW) and reactive power (MVAR) of generator i



	    P  G i   max     ,    Q  G i   max     
	Maximum active power (MW) and reactive power (MVAR) of generator i



	    |   V i   |      ,      θ i    
	Voltage magnitude (p.u.) and angle (degree) of bus i



	    |  V j  |      ,      θ j    
	Voltage magnitude (p.u.) and angle (degree) of bus j



	     θ     r e f     
	Voltage angle (degree) of the reference bus



	    |   Y  i j    |      ,      φ  i j     
	Admittance Amplitude (p.u.) and angle (degree) of line between buses i and j



	      S  R S F C L , k     
	Value of candidate RSFCLs (p.u.)



	    S  R S F C L ,   k   max     
	Maximum value of candidate RSFCL (p.u.)



	    L  R S F C L , k     
	Location of the candidate RSFCLs



	  ψ  
	Inertia weight in the PSO



	r1
	Cognitive factor



	r2
	Social factor



	C
	Constriction factor



	C1, C2
	Acceleration constants



	     v →  i  ( t )   
	Current velocity of the ith particle



	     v →  i  ( t + 1 )   
	Next velocity of the ith particle



	     x →  i  ( t )   
	Current position of the ith particle



	     x →  i  ( t + 1 )   
	Next position of the ith particle



	Rm
	The maximum resistance that the RSFCL can inject into the power system (p.u.)



	TSc
	The time of transition from the superconducting state to the normal state in the RSFCL
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Figure 1. (a) The schematic of a RSFCL [29]; (b) a practical installation of SFCL [30]. 
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Figure 2. Simple model of a RSFCL in a SMIB system. 
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Figure 3. Possible applications of SFCLs in the power system [32]. 
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Figure 4. The δ oscillation curve of a generator at time interval of (0 − T) and its corresponding area. 
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Figure 5. Structure of a typical PSO particle for the proposed problem. 
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Figure 6. Optimization procedure of RSFCLs sizing and allocation using PSO. 
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Figure 7. Single-line diagram of 39-bus New England system. 
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Figure 8. Convergence curve of PSO for the proposed objective function. (a) Scenario 1 (3 RSFCLs), (b) Scenario 2 (5 RSFCLs). 
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Figure 9. Locations of RSFCLs; blue-colored arrows: Scenario 1; green-colored arrows: Scenario 2. 
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Figure 10. CCT of the system before optimization (for the considered short-circuit fault). (a) FCT = 80 m.s. (stable), (b) FCT = 81 m.s. (unstable). 
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Figure 11. CCT in Scenario 1 (3 RSFCLs) for the considered short-circuit fault. (a) FCT = 91 m.s. (stable), (b) FCT = 92 m.s. (unstable). 






Figure 11. CCT in Scenario 1 (3 RSFCLs) for the considered short-circuit fault. (a) FCT = 91 m.s. (stable), (b) FCT = 92 m.s. (unstable).



[image: Electronics 11 03980 g011]







[image: Electronics 11 03980 g012 550] 





Figure 12. CCT in Scenario 2 (5 RSFCLs) for the considered short-circuit fault. (a) FCT = 226 m.s. (stable), (b) FCT = 227 m.s. (unstable). 
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Figure 13. Rotor angle oscillation of generators in Scenario 1 with reference to the reference machine “with” and “without” optimized RSFCLs. (a) Generator G1, (b) Generator G3, (c) Generator G4, (d) Generator G5, (e) Generator G6, (f) Generator G7, (g) Generator G8, (h) Generator G9, (i) Generator G10. 
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Figure 14. Rotor angle oscillation of generators in Scenario 2 with reference to the reference machine “with” and “without” optimized RSFCLs. (a) Generator G1, (b) Generator G3, (c) Generator G4, (d) Generator G5, (e) Generator G6, (f) Generator G7, (g) Generator G8, (h) Generator G9, (i) Generator G10. 
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Table 1. PSO setting data for the considered optimization problem.
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Item

	
Number of Iterations:

	
Swarm Size:

	
PSO Setting Parameters:

	
Bounds of Variables




	
C1

	
C2

	
C

	
Location

	
Size






	
Value

	
1000

	
40

	
2.05

	
2.05

	
0.85

	
(1–46)

	
(0–0.025)
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Table 2. Characteristics of the considered fault.
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	Item
	Value





	Fault type
	Symmetrical three-phase



	Fault location
	Line (21–22), close to bus 22



	Fault clearing time:
	300 (m.s.)
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Table 3. Optimization results of the 39-bus New England case study.
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Scenario

	
RSFCL Location

(bus i–bus i’)

	
RSFCL Size

(p.u.)

	
Objective Function

Value






	
Scenario 1:

(3 RSFCLs)

	
(35–22)

	
0.013885

	
1939.500




	
(36–23)

	
0.021661




	
(38–29)

	
0.006964




	
Scenario 2:

(5 RSFCLs)

	
(35–22)

	
0.014138

	
1793.600




	
(36–23)

	
0.023494




	
(20–19)

	
0.024524




	
(12–11)

	
0.021002




	
(39–9)

	
0.005074
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Table 4. CCT improvement in the investigated scenarios.






Table 4. CCT improvement in the investigated scenarios.





	Scenario
	Without Employing RSFCLs
	Scenario 1

(3 RSFCLs)
	Scenario 2

(5 RSFCLs)





	CCT (m.s.)
	80
	91
	226
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Table 5. Comparison of generators’ maximum rotor angle deviations in both scenarios for the considered short-circuit fault.
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Maximum Rotor Angle Deviation (Degrees)




	

	
Scenario 1 (3 RSFCLs)

	
Scenario 2 (5 RSFCLs)




	
Generator

No.

	
Without

RSFCLs

	
With

RSFCLs

	
Without

RSFCLs

	
With

RSFCLs






	
G1

	
27.4

	
24.4

	
42.5

	
42.1




	
G3

	
7.4

	
4.3

	
7.5

	
6.9




	
G4

	
25.9

	
13.5

	
33.7

	
15.1




	
G5

	
22.1

	
11.4

	
31.6

	
23.5




	
G6

	
Unstable

	
80

	
Unstable

	
97.1




	
G7

	
Unstable

	
70.6

	
Unstable

	
80.4




	
G8

	
14.6

	
9.1

	
14.5

	
13.3




	
G9

	
22.1

	
14.3

	
25.6

	
23.9




	
G10

	
12.8

	
4.7

	
14.4

	
13
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