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Abstract

:

The main aim of this work was the maximization of the energy saving of balanced and unbalanced distribution power systems via system reconfiguration and the optimum capacitor’s bank choice, which were estimated by using a new algorithm: modified Tabu search and Harper sphere search (MTS-HSSA). The results demonstrated that the proposed method is appropriate for energy saving and improving performance compared with other methods reported in the literature for IEEE 33-bus adopted systems, including large scale systems such as IEEE 119 and the IEEE 123 unbalanced distribution system. Moreover, it can be used for unbalanced distribution systems distributed generators (DGs). The results demonstrated that the proposed method (the optimal choice of shunt capacitor (SC) banks and the optimal reconfiguration via the proposed algorithm) is appropriate for energy saving compared with different strategies for energy saving, which included distributed generation (DG) at different cost levels.
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1. Introduction


The maximization of energy saving of the distribution system is inspired by many strategies, such as a distribution system reconfiguration and optimum capacitor allocation [1,2,3] where allocation of shunt capacitors offered several benefits to the distribution power systems, not only maximizing energy saving but also improving the voltage profile. System reconfiguration can be used to ease the current feeders, therefore, improving the voltage profile of the system and maximizing energy saving. Several investigators have studied the problem of the reconfiguration and allocation of distribution and power systems and the problem of the sizing of shunt capacitors in distribution power systems separately. The analytical algorithms have been used for solving the problem of shunt capacitor allocation in [4,5]. Recently, heuristic algorithms have been widely used for solving this problem. The simulating annealing algorithm (SAA) [6], Tabu search (TS) [7], the genetic algorithm (GA) [8], cuckoo search algorithms [9,10], particle swarm optimization (PSO) [11], the bee colony algorithm [12], the ant colony algorithm [13], and the firefly algorithm [14] were presented to solve the problem of shunt capacitor allocation placement. The firefly algorithm was presented in [15] for solving the same problem in a radial distribution system via loss of the sensitivity factor. Improved harmony algorithms (IHA) were introduced in [16,17] with the newest objective function. Study [18] showed the effectiveness of the hyper-spherical search algorithm for the optimum sizing and allocation of capacitors compared to the other investigations mentioned above.



Civanlar [19] estimated a switching exchange method, in which the loss reduction was based on the switching option. A reconfiguration problem was solved in paper [20] Based on a linear programming network structure, a geometrical solution was used to find the best reconfiguration in [21]. A simulated annealing algorithm has been used for Distribution Power Systems Reconfiguration (DPSR) [22], and it has also been used for DPSR with an optimum discrete algorithm for estimation of the shunt capacitors [23]. A modified simulated annealing algorithm has been used for DPSR [24]. A genetic algorithm has been used for DPSR [25]. Evolutionary programming has also been used to solve the DPSR problem [26]. Studies [27,28] presented improved and modified Tabu search algorithms, respectively, for loss-minimization reconfiguration of large-scale distributed systems. The improved selective binary particle swarm optimization (IS-BPSO) [29] algorithm has been used to solve the problem of DPSR. In [30], the optimal reconfiguration of the electric distribution network was done via the binary particle swarm gravity search algorithm. Study [31] demonstrated the efficiency of the Tabu search algorithm, where it was used to find the best solution in each neighborhood, penalizing the rules that were already applied in the iteration.



Farahani [32] applied two approaches via GA. The harmony search algorithm [33] was used for solving this problem but it did not consider the cost of the capacitor. Additionally, in [34], the improved binary particle swarm optimization (IBPSO) method was used for the same task to reduce power loss. In [35], a modified flower pollination algorithm (MFPA) was used for cost minimization by using two approaches (reconfiguration and capacitor allocation), but it gave results closed to the system with reconfiguration only at the large power system.



The main objective of study [36] was the minimization of total power losses by using two approaches (reconfiguration and capacitor allocation) via the hybrid big bang big crunch algorithm, which is an efficient algorithm for unbalanced systems; but, it did not consider the cost calculations.



In [37], a modified algorithm based on biogeography optimization was used to find the optimal reconfiguration and capacitor allocation, but it did not consider the cost of the capacitor. Additionally, it was not applied to a large distribution power system.



Most of the previous methodologies are concerned with balanced distribution power systems. In [38], the salp swarm algorithm (SSA) was used for solving the optimization of the reconfiguration problem. In [39], the two-stage firefly algorithm was used for the optimization of the reconfiguration problem. In [40], backward/forward sweep and direct load flow methods were used for optimal switchable capacitor allocation for different distribution systems. In [41], the P-PSO algorithm was used to find the optimal reconfiguration and capacitor. In [42], stochastic fractal search (SFS) was used to solve the optimization of the reconfiguration problem. In [43], the optimal choice of capacitor banks in the distribution system was executed by using the artificial electric field algorithm. Additionally, the same problem was solved by using the modified best-guided artificial bee colony (MGABC) algorithm in [44].



In [45], the Pareto-optimization algorithm was applied for solved reconfiguration problem only in unbalanced distribution system with the presence of distributed generators (DGs). In [46], the GA and the branches exchange method were used for unbalanced systems. Monte Carlo simulation (MCS) was carried out in [47].



Distribution network enhancement using network reconfiguration and DG integration via different algorithms such as the dataset approach and the water cycle algorithm [47], the PSO-DA optimization techniques [48], and the stochastic fractal search algorithm [49].



Other strategies included distribution network enhancement via shunt capacitors and DG integration using different algorithm such as constriction factor particle swarm optimization [50], the hybrid local search-genetic algorithm [51], and the Dragonfly algorithm [52], as well as distribution network enhancement via network reconfiguration and DG integration using shunt capacitors via different algorithms such as the thief and police algorithm [53], the harmony search algorithm (HSA), and the particle artificial bee colony algorithm (PABC) [54].



A majority of the studies in this region paid attention to capacitor allocation only or the reconfiguration of the network only of balanced and unbalanced systems. There are a few studies that applied two approaches simultaneously for reducing the energy costs of balanced systems, but there is no study that applied two approaches simultaneously for reducing the energy costs of balanced and unbalanced distribution power systems. So, we paid attention to use a novel meta-heuristic algorithm (HSSA-MTS) for maximization of energy saving in balanced and unbalanced distribution system via two approaches.



This study used the improved Tabu search algorithm and the Harper sphere search algorithm (MTS-HSSA) to maximize energy saving of the distribution power system. Where the literature review shows the effectiveness of HSSA for optimum sizing and allocation of capacitor banks, the improved Tabu search algorithm, on the other hand, was used to find the best solution to the system reconfiguration problem. So, MTS and HSSA were used for optimal allocations, the sizing of shunt capacitors, and feeder reconfiguration of the distribution system simultaneously. Additionally, the proposed algorithm was used for maximization of energy saving of an unbalanced distribution system.



The main contributions of the study could be summarized as follows:




	
A novel meta-heuristic algorithm (HSSA-MTS) was investigated to obtain the optimal solution of the energy-saving problem via the optimal choice of SC banks and the optimal reconfiguration, which ensures convergence. The proposed algorithm collects the advantages of MTS and HSSA, e.g., it can solve a mixed integer programming problem for the system reconfiguration. Moreover, the proposed algorithm restricts the trial solution by checking the system to be radial during the reconfiguration process, and the power loss index (PLI) was used to provide a good initial solution for the optimum allocation of capacitors. High convergence probability was achieved because of the use of the hyper-sphere space idea, which closely restricts the searching space.



	
The other novelty of this work is that, unlike previous works about energy saving for unbalanced distribution systems, which were only concerned with the solved reconfiguration problem, the proposed algorithm was used for maximization of energy saving of the unbalanced distribution system via the optimal choice of SC banks and the optimal reconfiguration. Additionally, it was used for unbalanced distribution systems with the presence of distributed generators (DGs).



	
The results demonstrate that the proposed method is appropriate for energy saving and improving performance compared with other methods reported in the literature for IEEE 33-bus adopted systems, including large scale systems such as IEEE 119 and the IEEE 123 unbalanced distribution system. Additionally, the results demonstrate that the proposed method (optimal choice of SC banks and optimal reconfiguration via the proposed algorithm) is appropriate for energy saving compared with different strategies for energy saving that included distributed generation (DG) at different cost levels.








The article is organized as follows. Section 1 provides an overview of the approaches and methodologies of maximization of energy saving of the distribution system. Section 2 describes the problem formulation and a new algorithm: modified Tabu search and Harper sphere search. In Section 3, the proposed method is applied and the obtained results are discussed. Section 4 estimates the conclusions of the study.




2. Materials and Methods


The proposed route, which is described in this section, was used for the maximization of energy saving in different distribution power systems via the system reconfiguration and optimum capacitor’s bank choice. The balanced distribution power systems had different sizes such as IEEE 33 and a large number of buses in IEEE 119. The proposed route can be applied to unbalanced distribution power systems such as the IEEE 123 distribution power system. In the next section, these systems are modified based on the proposed algorithm to ensure its effectiveness.



2.1. Problem Description


2.1.1. Objective Function Definition


The main objective of optimal allocations, sizing of shunt capacitors, and feeder reconfiguration of the distribution system is to minimize the annual energy losses, which is the objective function. This is formulated in Equation (1) [17,41].


  J = m i n    [   K p   C  l o s s e s    (   X c  .  X r     )  + D  (   K I    ∑   i = 1    N  C b     i +  K c    ∑   i = 1    N  c b      x  c , i    )  +  K o   N  c b    ]   



(1)




where




	
   X r  =  [   x 1   x 2  …  x i    …  x n   ]   



	
   x i   : The status of switch no i



	
   X c  =  [   Q  c 1    Q  c 2    Q  c 3   … .  Q  n  cb     ]   



	
Kp: Total costs/kWh



	
Kc: Total costs/KVAR



	
KI: Capital installation costs



	
Ko: Operational costs









2.1.2. Constraints


To obtain the optimal solution, the following conditions should be achieved:




	
Real power and reactive power constraints.



The power flows of the slack bus must be balanced with the generated power and the load demand.


   P  s l a c k   =   ∑  i = 1  N    P  l d , i     +   ∑  j = 1    N L      P  l o s s e s , i      



(2)






   Q  s l a c k   =   ∑  i = 1  N    Q  l d , i     +   ∑  i = 1    N L      Q  l o s s e s , i     −   ∑  i = 1    N  c b       Q  c , i      



(3)







	
Injection reactive power constraint.



Constraint (4) states the boundary condition of the reactive power limit:


   Q  c  , min    ≤  Q  c  , i      ≤    Q  c  , m  a x    



(4)







	
Voltage magnitude constraints.


   V  min   ≤  V i  ≤  V  max      ∀ i ∈ N  



(5)




where the voltage limits are (0.9, 1.05).



	
Current of lines constraints.


   I  l , min   ≤  I  l , i   ≤  I  l , max      ∀ i ∈  N L   



(6)














2.2. MTS-HSSA Algorithm for Optimum Operation of Distribution System


The Tabu search algorithm was used to find the best solution for system reconfiguration problems [28], and this problem was very confident with this method. The standard Tabu search algorithm is described in Appendix A. HSSA, which is described in Appendix B, achieved the best solutions for optimal allocations and the sizing of shunt capacitors (Xc) in [18]. This section explains a compound algorithm between three methods, which were the power loss index, the HSSA algorithm, and the Tabu algorithm, to find the best values of (Xr) and (Xc). The complete flow chart of the proposed algorithm is shown in Figure 1. Also, the following steps describe the proposed algorithm to find (Xr) and (Xc), which minimize the cost function in Equation (1)




	
Step 1: Estimate the set of the distribution power system configuration  Ω  [28].


   Ω =  Ω 1   ∪       Ω 2    



(7)




where




	
   Ω 1   : set of the sectionalizing switches.



	
   Ω 2   : set of the switches of tie lines.








	
Step 2: Input initial values of Tabu parameters and initial solutions of    X r  .  



	
Step 3: Choose a tie line (T) for the exchange operation.



	
Step 4: Execute a branch exchange between a tie line T and a branch P.



	
Step 5: Determine the incidence matrix (A) [28].




	
Aij = 1 if branch no (i) is directed-away from the bus (j).



	
Aij = −1 if branch no (i) is directed-away to bus no (j).



	
Aij = 0 if branch no (i) is not incident to bus no (j).








	
Step 6: Check if the system is still radial after step 4 as follows:




	
  ‖ A ‖ = 1    or  − 1    (   the   system   is   radial   )  .  



Go to the next step, or else go to step 3.








	
Step 7: Calculate the cost function for the current configuration using a power flow study via the Newton–Raphson method.



	
Step 8: Move the current solution to the best one in the candidate neighborhood while meeting the Tabu restriction and update the Tabu list.



	
Step 9: Go to step 10 if the stop criterion is satisfied. Otherwise, return to step 3.



	
Step 10: Restore the best reconfiguration of the distribution power system.



	
Step 11: Calculate the power loss index for all buses via the next equation [17]:


  P L I  ( i )  =   P  ( i )  −  P  m i n      P  m a x   −  P  m i n      



(8)








	
PLosses, i: power losses of line i.



	
Pmax: maximum real power reduction through all buses.



	
Pmin: minimum real power reduction through all busses.








	
Step 12: Estimate the initial location of the capacitors corresponding to the buses with the highest PLI values and initialize particle values via step 11.



	
Step 13: Initial set of solutions (particles) are generated randomly    X  c i     ϵ (Xci,min:Xci,max) and Nsc hyper-sphere centers (HSCs) are selected corresponding to the smallest values of the objective function [18].








The initial set of solutions is generated randomly in the specified band. For each solution (particle) and N-dimensional problem, each particle is 1 *N vector, (p1, p2, …, pN). The following items should be defined:




	
Qmin and Qmax.



	
Number of particles.



	
Number of HSCs. (NSC = 0.1 or 1/15 of number of Particles.)



	
Max number of iterations.



	
Searching radius.








Two parameters of the dummy process, which are zeta and the number of dummy particles/iteration.



	
Step 14: Each particle is represented by using spherical coordinates (r, θ, and φ), which are shown in Figure A2 (Appendix B).






Npop particles are reproduced, and the stay particles are allocated surrounded by HSCs via the -sphere centers dominance [18]. The particles were divided proportionally so the normalized dominant sphere center (Dsc) is defended as follows:


   D  s c   =  |    O F  D  s c , i       ∑  i = 1    N  s c      O F  D  s c , i        |   



(9)




where



OFDsc: objective function difference, which is:


  O F  D  s c , i   =  f  s c   (  X i  ) − max  {   f  s c   (  X i  )  }   



(10)







The number of particles among hyper-spheres is calculated according to Equation (11).


  n = round  {   D  s c   × (  N  p o p   −  N  s c )    }   



(11)




where



Npop is the number of the initial population.



The initial number of particles is chosen randomly by each sphere center from the remaining particles.



	
Step 15: The position of particles is changed via probability Prangle and r ϵ (rmin, rmax). Figure A2 shows the searching region of the particle (dashed-space)






The procedure of searching is achieved through moving in a (r, θ, φ) dimension, as shown in Figure A2. θ and φ varied uniformly between (0, 2π) and reproduced a new movement of the particle. These angles (θ and φ) varied with the probability Prangle for each iteration.


   r  max   =   ∑  i = 1  N   (  P  i , c e n t e r   −  P  i , p a r t i c l e      ) 2   



(12)







	
Step 16: The sphere centers with the largest value of the objective function should be varied. The dummy particle is shown in Figure A3 (Appendix B). It should have been allocated to a new sphere center via a set of objective functions (SOF). Dummy particles re selected to look for the new sphere centers via the assignment probability (AP) of the sphere centers.






The AP is given by the next Equation:


  A P =  |    D S O F    ∑  i = 1    N  S C     D S O  F i     |   



(13)




where


  D S O F = S O F − m a  x  g r o u p    {  S O F    groups   }   



(14)






  S O F =  f  s c   + γ    mean   (   f  p a r t i c l e s   o f   S C    )   



(15)







	
Step 17: The particles (Nnewpar) with the worst are eliminated. Such particles are r placed by a new group of particles with the same number Nnewpar described in step 14.



	
Step 18: Go to step 19 if the stop criterion is satisfied. Otherwise, return to step 14.



	
Step 19: End.








3. Results and Discussion


The proposed route was applied to one of the distribution power systems with a large number of buses to ensure its effectiveness. This system was a 119 IEEE distribution power system and its data is contained in [27]. There is a scarcity of references that have used a large distribution system for optimal reconfiguration and capacitor allocation simultaneously, so model 33 IEEE [55] had to be used to conduct the comparison process.



The Newton–Raphson method was used to study the flow of power and to calculate the total lost power in the lines of 33 IEEE and 119 IEEE systems; the base data is tabulated in Table 1



The cost calculations can be recalculated based on Equation (1) and the data of Table 1 and Table 2. The proposed method, which is explained in detail in the previous section of this article, was applied. Its outputs are included in Table 3 as follows:




	
The reconfiguration only of IEEE119 and IEEE 33 power distributions systems;



	
The optimal places and values of capacitors only of IEEE119 and IEEE 33 power distributions systems;



	
The reconfiguration and optimal places and values of capacitors simultaneously of the IEEE119 and IEEE 33 power distributions systems.








The IEEE 33 system consisted of 37 switches; switches from 1 to 32 are normally closed, and switches from 33 to 37 are open. This system had a Vnominal = 12.66 kV with the Vmin = 0.9 pu and the Vmax = 1.0 pu The best open switches and optimal capacitor allocations for case 1, case 2, and case 3 to minimizes the objective in Equation (1) are given in Table 3. The voltage profile and the VSI profile were improved for the 33-bus at different cases via the proposed algorithm, as shown in Figure 2. Additionally, the maximum voltage deviation and voltage deviation index were reduced. Power losses and energy costs were reduced for three modified IEEE 33 systems SC only, reconfiguration only, and SC with reconfiguration) via the proposed algorithm. It was noticed that the performance of the IEEE 33 system with reconfiguration via the MTS-HSSA algorithm was better than its performance with the optimal choice of capacitors. The IEEE 33 system with reconfiguration and optimal choice of capacitors.



The performance of the distribution power system can be estimated by using the voltage deviation (VD) index [56,57], which was calculated by using Equation (16).


   V D  =   ∑  i = 1  N    |  1 − V       i   |     



(16)







The voltage stability index (VSI) was used for monitoring the stability of the distribution power system and detecting the weak buses. It can be calculated by using Equation (17).


  V S I =  V i 4  − 4 (  P i   X  e f f i   +  Q i   R  e f f i   )  V i 2  − 4   (  P i   X  e f f i   −  Q i   R  e f f i   )  2   



(17)




via the MTS-HSSA algorithm gave the best performance compared with the other cases.



The modified systems were compared with previous works at six cases, which are:




	
Case 1: IEEE 33 system with reconfiguration only, as shown in Table 4.



	
Case 2: IEEE 33 system with capacitor allocation only, as shown in Table 5.



	
Case 3: IEEE 33 system with reconfiguration and capacitor allocation, as shown in Table 6.



	
Case 4: IEEE 119 system with reconfiguration only, as shown in Table 7.



	
Case 5: IEEE 119 system with capacitor allocation only, as shown in Table 8.



	
Case 6: IEEE 119 system with reconfiguration and capacitors allocation, as shown in Table 9.








The comparison in Table 4, Table 5 and Table 6 shows the effectiveness of the proposed method for three cases (1, 2, and 3) in terms of total power losses, minimum voltage, and energy-saving total power losses for case 1, case 2, and case 3 via the proposed algorithm was the lowest when compared to the other best previous algorithms. Moreover, the proposed method achieved a clear increase in the value of energy savings compared to the other methods, as evidenced by Figure 3. The IEEE 33 system with reconfiguration and optimal choice of capacitors via the MTS-HSSA algorithm provided the best energy saving compared with the other algorithms. On the other hand, it provided the lowest value of maximum voltage deviation.



The main objective of this study was to maximize the energy saving of large power systems such as the IEEE 119 system, which consists of 133 switches; switches 1 to 118 are normally closed, and 119 to 133 are open. This system had a Vnominal = 11 kV with the Vmin = 0.9 and Vmax = 1.0 The best open switches and optimal capacitor allocation for case 4, case 5, and case 6 to minimize the objective in Equation (1) are provided in Table 3.



The performance of the distribution power system can be estimated by using the voltage deviation index [57], which is calculated by using Equation (16). The voltage stability index is used for monitoring the stability of the distribution power system and detecting the weak buses. It can be calculated by using Equation (17)



The voltage profile and the VSI profile were improved for the 119-bus at different cases via the proposed algorithm shown in Figure 4. Additionally, the maximum voltage deviation and the voltage deviation index were reduced. Power losses and energy costs were reduced for the three modified IEEE 119 systems (SC only, reconfiguration only, and SC with reconfiguration) via the proposed algorithm. It was observed that the performance of the IEEE 119 system with reconfiguration via the MTS-HSSA algorithm was better than its performance with the optimal choice of capacitors. Moreover, the IEEE 119 system with reconfiguration and optimal choice of capacitors via the MTS-HSSA algorithm provided the best performance compared with the other cases.



The comparison in Table 7, Table 8 and Table 9 shows the effectiveness of the proposed method for the three cases and is also shown in Figure 5. The proposed algorithm achieves energy-saving better than the best previous algorithms, especially in case 6, as evidenced by Figure 5c. The IEEE 119 system with reconfiguration and optimal choice of capacitors via the MTS-HSSA algorithm provided the best energy saving compared with the other algorithms. On the other hand, it provided the lowest value of maximum voltage deviation, as shown in Figure 5d. In this case, the percentage of energy-saving via the MTS-HSSA algorithm increased 33.649% more than the best one.



In Figure 6 and Figure 7 an economic comparison was made between the proposed method and different strategies for energy saving, which included distributed generation. The cost calculations and data contained in [58] were used to calculate the energy saving for different methods. This data could be applied only to the specified case (the cost per KWh was $0.057). It was clear that, in this case, the proposed method was the best out of all to save the cost of energy for each of the model IEEE 33 and IEEE 119 systems. The cost per Kwh was $0.035 for another study case [59]. In this case, although the energy saving was better, the proposed method was the best out of all to save the cost of energy for each of the model IEEE 33 and IEEE 119 systems. Furthermore, it can also be extended for many maximization of energy saving strategies such as networks with soft open points and distributed generation [60]. The cost of distributed generation units has a wide range variation via the uncertainties of renewable energy source generation and energy demand [61,62]; it needs more study in the future to estimate general objective function to apply the proposed algorithm.



The proposed route was applied to one of the unbalanced distribution power systems. This system was an IEEE 123 distribution power system, and its data is contained in [63] and its base data is tabulated in Table 10. The proposed route was also applied to the unbalanced distribution power systems influenced with DGs, which can be taken as a constant value and which were integrated at the weak buses according to a penetration level of 20%, as presented in [45]. The results of the proposed mathematical analysis of the IEEE 123 distribution power system were placed in Table 11.



The comparison in Table 12 shows the effectiveness of MTS-HSSA for the IEEE 123 unbalance system with and without DG integration in terms of total power losses, minimum voltage, and energy-saving. Total power losses via the proposed algorithm were the lowest, and the proposed method achieved a clear increase in the value of energy savings compared to the other methods, as evidenced by Figure 8. The IEEE 123 system with reconfiguration and optimal choice of capacitors via the MTS-HSSA algorithm provided the best energy saving out of all the algorithms. However, it provided the lowest value of maximum voltage deviation, and the voltage profile was improved for the 123-bus in different cases as shown in Figure 9.




4. Conclusions


This study investigated a compound algorithm (MTS-HSSA) for reconfiguration and capacitor allocation of distribution power systems. The MTS-HSSA algorithm was explained in the previous section and has many advantages. The MTS-HSSA algorithm has a variable size of the reconfiguration problem for escaping from cycling and a local minimum. The MTS-HSSA algorithm restricts the trial solution by checking the system to be radial during the reconfiguration process. The results demonstrate that the proposed method is appropriate for energy saving and improving performance compared with other methods reported in the literature for IEEE 33-bus adopted systems, including large scale systems such as IEEE 119 and the IEEE 123 unbalanced distribution system. Moreover, the results demonstrate that the proposed method (the optimal choice of SC banks and the optimal reconfiguration via the proposed algorithm) is appropriate for energy saving compared with different strategies for energy saving, which included distributed generation (DG) at different levels of cost. In the proposed method, the power loss index was used to provide a good initial solution to the optimum allocation capacitor. The hyper-sphere space idea (HSC and its particle) in the proposed algorithm achieved the high convergence probability because of the space of searching was closely restricted.



From the comparison results, the following conclusions can be drawn: the effectiveness of the modified system in terms of low power losses (56.78% reduction for the IEEE 119 bus) improved the voltage level (minimum voltage (0.9602 pu for the IEEE 119 bus), and the modified system had the lowest annual cost of energy losses (50.64% net saving for the IEEE 119 bus). For the IEEE 119 distribution system with reconfiguration and shunt capacitor allocation, the percentage of energy-saving via the MTS-HSSA algorithm increased 33.649% more than the MFPA method. Additionally, the effectiveness of the modified system was demonstrated for unbalanced systems (IEEE 123) in terms of the reduction in power losses, the improvement in voltage level, and the reduction in annual cost of energy losses. For the IEEE 123 distribution system with reconfiguration and shunt capacitor allocation, the percentage of energy-saving via the MTS-HSSA algorithm increased about 70% more than the Pareto-optimization-based NR method.
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Appendix A. Overview of the Tabu Search Algorithm


To solve many engineering problems, the Tabu search is used. This algorithm has been used for solving the problem of shunt capacitor allocation [7]. The Tabu search algorithm has also been used for loss-minimization reconfiguration of large-scale distributed systems in [27] and [28]. The standard Tabu search algorithm is described by using the next flow chart, as shown in Figure A1. The standard algorithm is described as follows.



Notation:




	
  s    the current solution  .  



	
   s *     the best known solution  .  



	
   f *    the   value   of     s  *  .  



	
  N  ( s )     the   neighood   of   s  .  



	
   N *   ( s )     the   admissible   subset   of   N   ( s )     (  non − Tabu  )   








Initialization:



All parameters of Tabu search [64] are initialized such as the Tabu list (empty), the candidate list (empty), the initial solution (created), the best solution (equal to the initial solution), and the cost function for the initial solution is calculated.



Choose an inial solution s0 set:




	
  s =   s 0  



	
   f 0  = f  (  s 0  )   



	
   s *  =  s   



	
   T  = ∅  








Searching:



The cost function values are filtered by the Tabu move and aspiration criterion for all possible neighborhood solutions. Then, the Tabu list is updated.



While stopping criterion not satisfied do:




	
   *   select   s   in   argmin     [  f  (  s ′  )   ]  ;    s ′  ∈  



	
   *   if    f  ( s )  <  f *     then     f *  = f  ( s )   



	
   *   record   tabu   for   current   move   in    T .  








End while.



The above actions are repeated up to the maximum iteration number.



The modified TS algorithm is described in the following section. It has the variable size to escape from cycling and the local minimum.
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Figure A1. Tabu search flowchart. 
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Appendix B. Overview of the Hyper-Spherical Search Algorithm


The hyper-spherical search algorithm is investigated for the optimum solution to different problems [65], and it is used for the optimum choice of shunt capacitors in distribution power systems [18]. In this algorithm, the solutions are generated randomly in the specified band. For each solution (particle), and for each N-dimensional problem, each particle is 1 x N vector, (p1, p2, …, pN). The number of particles among hyper-spheres is distributed accordingly.



A better solution will be sought in spherical coordinates, and this is done by repositioning the particles. We found that the spherical coordinates of the solution change by changing both the radius and the angle in the predetermined framework. Each particle is represented by using spherical coordinates (r, θ, and φ), which are shown in Figure A2. Each point has N-1 angles in N-dimension space in spherical coordinates, as shown in Figure A2. Each point has two angles in three-dimensional space. The position of particles is changed via probability Prangle and r ϵ (rmin, rmax) [65].



Figure A2 shows the searching region of the particle (dashed-space); the procedure of searching is achieved through moving in a (r, θ, φ). θ and φ varied uniformly between (0, 2π), reproducing a new movement of the particle. These angles (θ and φ) were varied with the probability Prangl for each iteration. After the total objective function was calculated for all particles, the SCs with the largest value of the objective function should be varied. The dummy particle [65] is shown in Figure A3. It should be allocated to a new SC via a set of objective functions (SOF). Dummy particles are selected to look for the new SC via the assignment probability of the SCs. Dummy particles that have the worst set objective function (SOF) (Figure A3) were selected to look for the new SC via the assignment probability. Then, the worst particles were eliminated, and new particles were generated until the best one was reached. The complete flow chart of the HASSA algorithm is shown in Figure A4.
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Figure A2. The searching region of the particle (dashed-space). 
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Figure A3. Dummy particle recovery. 
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Figure A4. HSSA flow chart. 
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Figure 1. MTS-HSSA flow chart. 
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Figure 2. Performance of the 33-node test system with capacitor allocation only; the reconfiguration of the network only and the two approaches via the proposed algorithm: (a) Values of voltages at all buses; (b) values at different cases of the voltage deviation index; (c) values of voltage stability; (d) percentage of maximum voltage deviation; (e) power losses; (f) percentage of power losses saving; (g) energy cost; (h) percentage of energy cost-saving. 
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Figure 3. Comparison of the IEEE 33 system between the proposed algorithm and the best previous algorithms. (a) Energy-saving % with reconfiguration only; (b) energy-saving % with shunt capacitor allocation only; (c) energy-saving % with shunt capacitor allocation and reconfiguration; (d) maximum voltage deviation %. 
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Figure 4. Performance of the 119-node test system with capacitor allocation only, the reconfiguration of the network only, and two approaches via the proposed algorithm: (a) Values of voltages at all buses; (b) values at different cases of the voltage deviation index; (c) values of voltage stability; (d) percentage of maximum voltage deviation; (e) power losses; (f) percentage power losses saving; (g) energy cost; (h) percentage of energy cost-saving. 
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Figure 5. Comparison of the IEEE 119 system between the proposed algorithm and the best previous algorithms: (a) Energy-saving % with reconfiguration only; (b) energy-saving % with shunt capacitor allocation only; (c) energy-saving % with shunt capacitor allocation and reconfiguration; (d) maximum voltage deviation %. 
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Figure 6. Comparison of % energy savings for the IEEE 33 system with different strategies of energy saving. 
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Figure 7. Comparison of % energy saving for the IEEE 119 system with different strategies of energy saving. 
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Figure 8. Comparison between the IEEE 123 unbalanced system using the proposed method and the best previous methods: (a) Power losses in kW; (b) Cost of energy losses savings in $; (c) Maximum voltage deviation. 
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Figure 9. Voltage profile for three phases of the 123-node test unbalanced system: (a) Without DG via the proposed algorithm; (b) with DG via the proposed algorithm. 
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Table 1. The base data of the systems under study.
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	Items
	IEEE 33 Base Values
	IEEE 119 Base Values





	Total losses (kW)
	202.66
	1294.35



	Minimum voltage
	0.913
	0.8688



	Annual cost ($/year)
	112,500
	680,310
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Table 2. The parameters for recalculation of the cost [18].
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	Parameter
	Values





	Kp ($/kWh)
	0.06



	T (H)
	0.8760



	D
	0.2



	Kc ($/KVAR)
	25



	Ko ($/year/location)
	300



	Ki ($)
	1600
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Table 3. The outputs of the proposed method.
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	Items
	Reconfiguration Only
	Capacitor Allocation Only
	Reconfiguration and Capacitor Location





	Location and size of the capacitor

(IEEE 33)
	-------
	30–850

14–300

8–200

25–200
	30 650

25 350

31 200



	Tie lines (open)

(IEEE 33)
	8 9

17 32
	----
	8 9

17 32



	Location and size of the capacitor

(IEEE 119)
	
	116 1450

52 2150

83 1050

74 1150

42 900

101 800

79 500

113 850
	116 1350

52 210

83 1100

73 1350

112 900

77 500

114 350

101 1650



	Tie lines (open)

(IEEE 119)
	25 26

35 36

43 44

44 45

34 35
	----------
	25 26

35 36

43 44

44 45

34 35
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Table 4. IEEE 33 system with reconfiguration only.
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	Items
	MFPA [35]

(2017)
	BPSOGSA [30]

(2018)
	Two Stage FA [39]

(2020)
	MBBO [37]

(2020)
	Metaheuristic Optimization [56]

(2021)
	Proposed Method





	Power losses (kW)
	139.54
	138.62
	139.98
	129.9
	138.93
	124.49



	% reduction in power losses
	31.15%
	31.50%
	30.93%
	35.90%
	33.35%
	38.57%



	Vmin (PU)
	0.937
	0.942
	0.943
	0.95
	0.9423
	0.9506



	Cost ($/year)
	73,342
	72,863
	73,573
	68,278
	73,318
	65,433



	Savings ($/year)
	33,176
	33,655
	32,945
	38,240
	24,195
	41,085



	% savings
	31.15%
	31.59%
	30.93%
	35.90%
	33.35%
	38.57%
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Table 5. IEEE 33 system with capacitor allocation only.
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	Items
	PPSO [41]

(2016)
	MFPA [35]

(2017)
	SCA [40]

(2020)
	PSO [40]

(2020)
	Proposed Method





	Power losses (kW)
	137.07
	139.54
	138.85
	139.26
	133.2



	% reduction in power losses
	32.36%
	31.14%
	31.48%
	31.28%
	34.27%



	Vmin (PU)
	0.947
	0.922
	0.931
	0.933
	0.937



	Injected reactive power

(KVAR)
	1950
	1750
	1863
	2087
	1550



	Cost ($/year)
	84,895
	83,952
	84,153
	85,492
	80,241



	Savings ($/year)
	21,623
	22,566
	22,365
	21,027
	26,277
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Table 6. IEEE 33 system with reconfiguration and capacitor allocation.
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	Items
	PPSO scen.6 [41]

(2016)
	MFPA [35]

(2017)
	IBPSO [34]

(2014)
	MBBO [37]

(2020)
	Proposed Method





	Power losses (kW)
	93.39
	101.77
	93.06
	110.61
	91.01



	% reduction in power losses
	53.91%
	49.78%
	54.08%
	45.41%
	55.09%



	Vmin (PU).
	0.96
	0.954
	0.962
	0.95
	0.962



	Injected reactive power (KVAR)
	2100
	950
	2100
	900
	1200



	Cost ($/year)
	62,686
	60,100
	62,512
	64,500
	55,691



	Savings ($/year)
	43,832
	46,418
	44,006
	42,018
	50,827



	% savings
	41.15%
	43.57%
	41.31%
	39.44%
	47.72%
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Table 7. IEEE 119 system with reconfiguration only.






Table 7. IEEE 119 system with reconfiguration only.





	Items
	BPSOGSA [30] (2018)
	SFS [42] (2020)
	FA [39] (2020)
	Proposed Method





	Power losses (kW)
	858.2
	854.04
	853
	819.94



	% reduction in power losses
	33.72%
	34.02%
	34.09%
	36.65%



	Vmin (PU)
	0.932
	0.9323
	0.944
	0.944



	Cost ($/year)
	451,090
	448,880
	448,340
	430,960



	Savings ($/year)
	229,220
	231,430
	231,970
	249,350



	% savings
	33.69%
	34.02%
	34.09%
	36.652
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Table 8. IEEE 119 system with capacitor allocation only.






Table 8. IEEE 119 system with capacitor allocation only.





	Items
	IHA-CSA

[13]
	IHA

[17]
	AEFA

[43]
	Proposed Method





	Power losses (kW)
	858.89
	843.14
	844.29
	834.05



	% reduction in power losses
	33.64%
	34.85%
	34.76%
	34.87%



	Vmin (PU)
	0.906
	0.902
	0.906
	0.9073



	Injected reactive power

(KVAR)
	9000
	9800
	10,550
	8850



	Cost ($/year)
	501,392.60
	497,737.50
	502,310
	488,077.63



	Savings ($/year)
	178,917.80
	182,572.80
	177,570.90
	192,232.73



	% savings
	26.30%
	26.80%
	26.10%
	28.26%
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Table 9. IEEE 119 system with reconfiguration and capacitor allocation.






Table 9. IEEE 119 system with reconfiguration and capacitor allocation.





	Items
	MFPA [35]

(2017)
	MGABC [44]

(2018)
	Proposed Method





	Power losses (kW)
	865.86
	833.46
	559.07



	% reduction in power losses
	33.99%
	35.72%
	56.80%



	Vmin (PU)
	0.93
	0.9
	0.96



	Injected reactive power

(KVAR)
	7450
	13,500
	7400.9



	Cost ($/year)
	451,491
	514,870
	335,810



	Savings ($/year)
	228,818
	165,440
	344,500



	% savings
	33.60%
	24.32%
	50.64%
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Table 10. The base data of the unbalanced IEEE 123.






Table 10. The base data of the unbalanced IEEE 123.





	Items
	IEEE 123 Base Values [45]





	Total losses (kW)
	571.84



	Minimum voltage
	0.86



	Annual cost ($/year) via Equation (1)
	300,560
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Table 11. Output of the proposed method for the IEEE 123 system.






Table 11. Output of the proposed method for the IEEE 123 system.





	Items
	Reconfiguration at Capacitor Location





	Location and size of capacitor (kW) (IEEE 123) without DG
	57 350

34 150

22 50

48 50

78 50

84 50



	Location and size of capacitor (IEEE 123) without DG
	57 260

34 150

48 50

83 50



	Switches Reconfiguration without DG
	18 135 close

150 149 open

13 152 close

60 160 close

97 197 close

54 94 close

151 300 close

250 47 close

105 62 open



	Switches reconfiguration with DG
	18 135 close

150 149 open

13 152 close

60 160 close

97 197 close

54 94 close

151 300 close

250 47 close

105 62 close
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Table 12. Unbalanced IEEE 123 system performance with different strategies.






Table 12. Unbalanced IEEE 123 system performance with different strategies.





	Items
	Pareto-Optim-Based without DG [45]
	Proposed without DG
	Pareto-Optim-Based with DG [45]
	Proposed with DG





	Power losses (kW)
	260.11
	79.5431
	67.25
	19.1



	% reduction in power losses
	54%
	86.10%
	88%
	96%



	Vmin (PU)
	0.94
	0.969
	0.97
	0.98



	Injected reactive power (KVAR)
	-------
	2100
	-------
	1650



	Cost ($/year)
	136,710
	56,028
	35,347
	20,681



	Savings ($/year)
	163,850
	244,530
	265,210
	279,880



	Savings ($/year)
	54%
	86%
	88%
	93.20%
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