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Injection of Distributed generators (DGS) and Shunt capacitors (SCS) simultaneously 
with system reconfiguration significantly promotes smart grid performance. In 
addition, system reconfiguration increases the injected distributed generation capacity 
in the system. This work proposes a wild horse optimizer (WHO) for the optimal siting 
and sizing of DGS and SCS in parallel with network reconfiguration. The proposed 
method aims to attain single and multi-objectives: minimizing active power loss, 
maximizing voltage stability index (VSI), and minimizing voltage deviation index (VDI). 
Five operational cases are introduced to elucidate the superior performance of the 
proposed method. The five cases are executed on IEEE 33-bus standard radial 
distribution test system. The single-objective function results are compared with other 
optimization algorithms. The simulation results belay that the proposed WHO 
optimizer has the best results for unfixed DGS and SCS locations.  
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1. Introduction 
 

In electrical power distribution networks, the main objective is to supply power continuously to 
the consumer within reasonable limits of individual parameters considering the unforetold nature of 
consumer demand [1]. Some of the main system constraints are overcurrent protective device 
coordination, interconnected radial configuration, and voltage drop limit. The traditional centralized 
generation stations have been changed because of the high r/x ratio of the distributed network, 
resulting in high power loss, high voltage drop, low voltage stability, decreased reliability, increased 
generation cost, and increased carbon emissions. The electrical power traditional system has been 
sophisticated to be more masterful, it is named by smart grid technology (SGT) [2]. The SGT is an 
intelligent two-way power flow (bidirectional power flow) and communication system, leading to 
better reliability, security, robustness, flexibility, and efficiency of the system. The two-way power 
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flow is applied by installing distrusted generators (DGS) and shunt capacitors (SCS), which are 
electrical power sources added close to the consumption point to improve the voltage profile, reduce 
overall system losses, and boost the network load. In addition, network reconfiguration plays an 
essential role in system reliability and security by supplying consumers during fault currents, planning 
maintenance outages, enhancing the voltage profile, and reducing power loss [3]. Network 
reconfiguration is changing the structure of the feeders by the opened (tie switch) or closed 
(sectionalize switch) status of line switches.  The reconfiguration process must guarantee that there 
are no isolated loads and that the radial structure of the system is conserved. 
 
1.1 Literature Survey 

 
The traditional methods have been used in distribution networks for improving the overall system 

parameters are network reconfiguration, distributed generators placement, and capacitors 
placement. Moreover, few of research have been presented system reconfiguration with DGs 
placement, system reconfiguration with SCS placement, and hybrid siting and sizing of DGs and SCS 
simultaneously with network reconfiguration as the proposed work. Siting and sizing of injected DGs 
and SCs in the distribution system, which is specified using single or multiple indices, might not be 
the optimal solution for all systems configurations; therefore, system reconfiguration, DGs, and SCs 
integration need to be implemented simultaneously to find the optimal solution for minimizing losses 
and improving network parameters. 
 
1.1.1 Reconfiguration with DGS siting and sizing 

 
Simultaneous reconfiguration with DGS siting and sizing are studied using some algorithms. A 

Sensitivity analysis and meta heuristic Harmony Search Algorithm (HSA) is presented to minimize the 
real power loss and improve voltage profile in the distribution network [1]. Fireworks Algorithm 
(FWA) is illustrated to minimize power loss and enhance voltage stability [4]. A combination of fuzzy-
ant colony (ACO) algorithm is introduced to reduce losses, improve the voltage profile, and increase 
the load balancing of the feeder [5]. Moreover, A meta heuristic cuckoo search algorithm (CSA) is 
used to reduce the real power loss and enhance voltage stability [6]. Grey Wolf Optimizer (GWO), 
Particle Swarm Optimizer (PSO), and the hybrid GWO-PSO are presented to minimize power losses 
[7]. A mixed-integer linear programming (MILP) solver is illustrated to maintain system reliability, 
minimize active power losses, and meet the consumer energy demand [8]. A heuristic method based 
on uniform voltage distribution based constructive reconfiguration algorithm (UVDA) is introduced 
to maximize system loss reduction [9]. The particle swarm optimization (PSO) is introduced to 
minimize the bus voltage deviation and the total active power cost [10]. 

 
1.1.2 Reconfiguration with SCS siting and sizing 

 
Simultaneous reconfiguration with SCS siting and sizing are studied using some algorithms. A 

Binary Gravitational Search Algorithm (BGSA) is used to minimize the cost considering the 
improvement of the system performance [11]. The Hybrid Shuffled Frog Leaping Algorithm (HSFLA) 
is illustrated to minimize the total real power losses, bus voltage violation, and load balancing on the 
feeders [12]. Furthermore, Genetic Algorithm (GA) is introduced to maintain the voltage profile and 
reduce power losses [13]. Sensitivity analysis and a meta heuristic Harmony Search Algorithm (HSA) 
are presented to minimize real power loss and improve voltage profile [1]. A hybrid heuristic search 
algorithm called Moth Swarm Algorithm (MSA) is used to minimize power loss and enhance the 
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system performance [14]. A mixed integer non-linear programming (MINLP) is implemented 
in General Algebraic Modelling System (GAMS) to maximize the DG owner’s profit and minimize the 
distribution company’s (DisCo’s) costs [15]. 

 
1.1.3 Reconfiguration with DGS and SCS siting and sizing 

 
Simultaneous reconfiguration with SCS siting and sizing are studied using few algorithms. Genetic 

algorithm (GA) is presented to minimize total power loss, improve the voltage profile, and minimize 
branch currents [16]. A combination of a fuzzy multi-objective approach and bacterial foraging 
optimization (BFO) as a metaheuristic algorithm is used to improve power loss reduction, load 
balancing of feeders, and network voltage profile [17]. Binary particle swarm optimization (BPSO) is 
used for minimizing power loss [18]. Success History Based Adaptive Differential Evolution Algorithm 
(SHADE) is utilized to maximize the hosting capacity (HC) of the DGS, reduce power losses, and 
improve the voltage profile [19]. to minimize the real power loss. Finally, A successful alternative 
adaptation for the selection of control parameters of the linear population size reduction technique 
of SHADE (LSHADE-EpSin) is illustrated to minimize the real power loss [20]. 

 
1.2 Paper Organization 

 
The rest of the paper is organized as follows: the problem formulation for the system’s objective 

functions, equality constraints, and inequality constraints are given in Section 2. The proposed WHO 
optimizer is described in Section 3. The five proposed case studies are illustrated in Section 4. Section 
5 illustrates the results of five case studies on the standard IEEE 33-radial bus system to boost the 
performance of the proposed technique for network reconfiguration process simultaneously with 
optimal siting and sizing of DGS and SCS. The conclusion of this paper based on the illustrated results 
is listed in Section 6. 

 
2. Problem Formulation 

 
The problem formulation includes a multi-objective function solved by the WHO optimizer based 

on the simultaneous system reconfiguration with optimal siting and sizing of DGS and SCS while 
considering the equality and inequality constraints.  
 
2.1 Objective Functions 
 

Minimizing the network real power loss (objec1) that can be expressed as follows 
 
objec! = min∑ +I"+

# ∗ R"$%&'
"(! 		            (1) 

 
Where I" is the yth branch flow current magnitude, R" is the ith branch resistance, and Tnbr is 

the total number of network branches. 
Minimizing the voltage deviation index (VDI) minimization is one of the operative formulas to 

track the quality of the bus voltage. Minimizing VDI (objec2) can be derived as follows [21]: 
 
objec# = min(VDI) = min∑ (V) − 1)#$%&

)(! 			            (2) 
 

where V) is the xth bus voltage magnitude and Tnb is the total number of network buses. 

https://www.sciencedirect.com/topics/engineering/general-algebraic-modeling-system
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Maximizing the voltage stability index (VSI) is a formula to preserve the voltage profile to 
acceptable limits. Maximize VSI (objec3) can be calculated as follows [22]: 
 
objec* = max(VSI)              (3) 
 
VSI(x) = {|V)|+ − 4AP),!X),),! − Q),!R),),!E

# − 4AP),!R),),! − Q),!X),),!E
#|V)|#}						   (4) 

 
Where V) is the voltage magnitude at the xth node, P),! and Q),! are the active and reactive 

power of the load at x + 1	node, respectively, and R),),! and X),),! are the resistance and reactance 
of the branch between nodes x and x + 1, respectively. In addition, the distribution network stability 
with ‘x’ number of nodes illustrates the function as VSI(x) ≥ 0, for x = 2, 3, . . ., x. 
 
2.2 Constraints 

 
The equality and inequality constraints are illustrated as follows [23]: 
 

2.2.1 Equality constrains 
 
Power balance equation is determined as the sum of incoming power equivalent to the sum of 

outgoing power as follows: 
 
P./ + ∑ P01)

$2!"
)(! = ∑ P/"$%&'

"(! + ∑ P03)$%&
)(!            (5) 

 
Q./ + ∑ Q01)

$2!"
)(! + ∑ Q.4)

2#$
)(! = ∑ Q/"$%&'

"(! +∑ Q03)$%&
)(!         (6) 

 
Where P./ and Q./are the slack bus of active and reactive powers, respectively. P01) and Q01) 

are active and reactive capacity of DG at xth bus, respectively. P/" and Q/" are the active and reactive 
power losses of the  yth branch, respectively. P03) and Q03) are the active and reactive power 
demands at the	xth bus, respectively. TN01 and TN56 are the gross number of DGs and SCs, 
respectively. 

 
2.2.2 Inequality constrains                                                       

 
Distributed Generator operating constraints [21,23]: 

 
P01)78% ≤	P01) ≤ P01)79)	,             (7) 
 
Q01)78% ≤	Q01) ≤ Q01)79)            (8) 
 
where P01)78% and P01)79) are the real DG minimum and maximum power at the xth bus, 
respectively. Moreover, Q01)78% and Q01)79) are the reactive DG minimum and maximum power 
at the xth bus, respectively. 

SCs reactive power capacity constraints: 
 
Q.4)78% ≤	Q.4) ≤ Q.4)79)             (9) 
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DGs active power capacity constraints: 
 

∑ P01)
$2!"
)(! ≤ ∑ P03)$%&

)(!                        (10) 
 

Reactive power source constraints: 
 
∑ Q01)
2!"
)(! + ∑ Q.48

2$%
)(! ≤ ∑ Q03)$%&

)(!                      (11) 
 

Bus voltage constraints: 
 
0.95 ≤ 	V) ≤ 1.05								x = 1,2,3… , nbus                     (12) 
 
3. Proposed Wild Horse Optimizer 

 
Wild horse optimizer (WHO) is a new metaheuristic technique motivated by the social life 

behaviour of wild horses’ life. The hierarchy group behaviours, including leadership, grazing, 
domination, and mating represent the numerous difficulties of this optimization. Horses' social life 
can be divided into two group categories, territorial and non-territorial. The WHO optimizer 
illustrates non-territorial horse groups. These groups contain many mares, offspring, and a stallion, 
which is the leader. In addition, adult stallions make single family groups, they converse with mares, 
and the foals start grazing nearby until their maturity. Then, they leave their first family group and 
join other groups to have new families. In order to prevent mating neither between brothers and 
sisters nor fathers with daughters, Male and female foals of one group get involved in two different 
groups. The five main significant steps of the proposed algorithm are assuming the initial population 
and horse groups with their leaders, grazing and mating of horses, leadership of the stallion, 
leadership selection and update, and execute and save the best solution [24]. 
 
3.1 Initial Population for the Problem 

 
In this step, the parameters are initialized to implement the initial random solutions. The most 

comparable and best solutions are chosen and updated according to the algorithm procedures. Foals 
and stallions are chosen from the initial population and form different groups. The number of horses 
in these groups is derived as follows [24]: 
 
G = [N × PS]                         (13) 

 
Where G  is the horse group number, N is the population size, and PS is the percentage of stallion 

percentage in the total population size. 
 
3.2 Horses Grazing Behaviour 

 
In this phase, foals graze around the centred stallion. The new positions of the group members 

can be calculated as follows: 
 
X),1
" = 2Zcos(2πRZ) ∗ AStallion" − X),1

" E+Stallion"                               (14) 
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Where X is the current location of the (mare or foal) group member, Stallion" represents the 
stallion position, a stochastic uniform number (R) is within the range [−2,2], as horses graze at 360◦ 
angles, π = 3.14, and Z is the adaptive mechanism calculated as follows [24]: 

 
P = R!\\\\⃗ < TDR; IDX = (P == 0); Z = R#ΘIDX + R*\\\\⃗ Θ(~IDX)                  (15) 
 
TDR = 1 − iter ∗ b !

:9)8;<'
c                       (16) 

 
Where P is a vector composed of 0 and 1, R!\\\\⃗  and R*\\\\⃗  are two random uniformly distributed vectors 

within a range, [0,1], R2 is a uniformly distributed random number within the range [0,1]. IDX indexes 
for vector R!\\\\⃗  return the redeem condition (P==0). TDR is a parameter that begins with 1 and 
decreases until it becomes 0 at the end implementation of this algorithm.	Iter and Maxiter are the 
existing iteration and the maximum iteration number, respectively. 
 
3.3 Horse Mating Behaviour 

 
The departure and mating nature behaviour of the foals is shown in Figure 1. This behaviour is 

like the crossover operator. It can be calculated as shown [24]: 
 
X1,=
> = CrossoverAX1,)

? , X1,"@ E					x ≠ y ≠ k, p = q = end,                   (17) 
crossover = mean 
 

 
Fig. 1. Behaviour of foals while leaving their main family and joining a new group 

 
Where X1,=

>  is the position of horse p in group k and it leaves this group. Another horse takes the 
place of horse P. X1,)

? is the position foal q, which is in group x mated with the foal z, which left group 
y with the position X1,"@ . 
 
 

Group (x) Group (y)

Group (k)

Cross over

Foal Exit

Foal Entering

Offspring
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3.4 Groups Leadership 
 
In this step, the stallion of the group guides the rest of the group to the water hole area for 

feeding. On the other side, the stallions fight with each other to have the waterhole. This behaviour 
can be derived by [24]: 

 
Stallion18ˋ = m#@6A5(#CD@)∗(GHI.;9JJ8A%"&),GH			8L	D'M	N.P

#@6A5(#CD@)∗(GHI.;9JJ8A%"&)IGH		8L	D'Q	N.P
n																								                (18) 

 
Where Stallion1)ˋ is the group x stallion next position, WH is the water hole position, and 

Stallion1) is the stallion’s current position. 
 
3.5 Exchanging and Selecting Leaders 

 
First, the leaders are chosen randomly. In this phase, stallions and other group members are 

chosen and updated according to the ones with the best fitness value. The new positions of the 
stallion and the corresponding members are calculated by the following equation [24]: 
 

Stallion1) = mR",&																8L	6A5	;SR",&TU6A5 ;(.;9JJ8A%"&)
.;9JJ8A%"&				8L	6A5	;SR",&TM6A5 ;(.;9JJ8A%"&)

n                    (19) 

 
Furthermore, the flowchart of the main steps of the proposed WHO is shown in Figure 2.  

 
3.6 The WHO Optimizer Implementation for Network Reconfiguration and DGS / SCS  Allocation 

 
Network reconfiguration, DGS, SCS units’ siting in proper places reduce the distribution line 

current, reduce overall system losses, and improve all system parameters. The Fitness function 
control variables are the network reconfiguration, siting of DGS and SCS, and sizing of DGS and SCS 
capacities. The complexity of solving this problem lies in the fact of finding those many variables 
simultaneously using the proposed technique. Most of the articles use two or three techniques to 
find the optimal reconfiguration, DGS and SCS locations, and DGS and SCS sizes separately. 

 
4. Case Study 

 
The proposed WHO optimizer is applied to a standard IEEE 33-bus radial distribution test system 

to study its effectiveness. Load flow and simulation study calculations are implemented using 
MATPOWER open-source tool and MATLAB. In this study, five operational cases are carried out to 
demonstrate the superior performance of the WHO optimizer. Furthermore, the optimal 
configuration simultaneously with the optimal siting and sizing of DGS and SCS are introduced, and 
they cannot be located at the slack bus. 

 
i. Case 1: Minimizing active power loss by simultaneous system reconfiguration with 

optimal siting and sizing of three P-type DGS. 
ii. Case 2: Minimizing active power loss by simultaneous system reconfiguration with 

optimal siting and sizing of three PQ+-type DGS. 
iii. Case 3: Minimizing active power loss by simultaneous system reconfiguration with 

optimal siting and sizing of three SCS and three P-type DGS. 
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iv. Case 4: Minimizing active power loss by simultaneous system reconfiguration with 
optimal siting and sizing of three SCS and three PQ+-type DGS. 

v. Case 5: Solving multi-objective function by simultaneous system reconfiguration with 
optimal siting and sizing of three SCS and three PQ+-type DGS. 

 
The multi-objective function can be calculated as follows: 

 
Multiobjec = min (objec1+objec2-objec3)                     (20) 
 

 
Fig. 2. The proposed WHO optimizer flowchart 
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5. Results and Discussions 
 
The following tables and figures present the results of the five cases applied to the standard IEEE 

33-bus radial distribution test system. Reconfiguration of the system with the installation of DGS and 
SCS reduces the current flow. This leads to an improvement in the overall system parameters. 
 
5.1 IEEE 33-Bus Radial System 

 
The standard IEEE 33-bus radial distribution test system is composed of 33 buses and 32 

distribution branches. Net real and reactive power loads are 3.715 MW and 2.3 MVAR, respectively. 
The system voltage base value is 12.66 KV, and the capacity base value is 100 MVA. The base system 
configuration has normally opened tie switches from 33-37 and normally closed sectionalized 
switches from 1 to 32. In addition, this system has five loops formed by tie switches. Tie switches are 
reconfigured during system faults to improve the performance, reliability, and security of the system. 
 
5.1.1 Case 1                                                        

 
In this case, the proposed WHO optimizer size of population is 50, and the iterations maximum 

number is 200, with an elapsed time of 116.0277 seconds for minimizing the real power loss.  

Table 1 shows the simulation results of WHO compared with other optimization methods to show 
the performance of the proposed WHO technique. The WHO optimally reconfigures the tie switches 
to 28, 33, 11, 34, and 30. The optimal locations of the three DGs (P-type) are 18, 7, and 25 buses with 
sizes 0.8725, 0.9623, and 1.1249 MW, respectively. The minimum bus voltage magnitude of the 
system is improved from 0.913 (p.u.) at bus 18 to 0.96838 (p.u.) at bus 31. The active power loss is 
202.67 KW, which decreases to 50.8236 KW. The VDI is improved from 0.117 to 0.010307 (p.u.). 
Moreover, the minimum VSI is increased from 0.6933 to 0.87752 (p.u.). 
 
Table 1 
Case 1 of the 33-Bus radial test system with network reconfiguration and P-type DGS 

 

Methods Base Case PSO [7] GWO  [7] Hybrid GWO-PSO 
[7] 

Proposed 
WHO 

Objectives Minimize real power loss 
Real power loss 
(KW) 

202.67 50.8905 51.3088 50.7175 50.8236 

Switches 
opened  

33,34,35,36,37 11, 28, 30, 33, 34 11, 28, 31, 33, 34 11, 28, 30, 33, 34 28,33,11,34,30         

DGs Size (MW) 
(Position) 

- 0.9581 (7), 1.1257 
(25), 0.8546 (33) 

0.8141 (8), 
0.7540 (17), 
1.3085 (25) 

0.9569 (7), 
0.7529 (17), 
1.2795 (25) 

0.8725 (18), 
0.9623 (7), 
1.1249 (25) 

Min. Bus 
Voltage (p.u.)  
(Position) 

0.913  
(18) 

0.9734 (32)   0.9699 (31) 0.9734 (32) 
 

0.96838 (31) 

VDI (p.u.) 0.117 - - - 0.010307 
VSI (p.u.) 0.6933 - - - 0.87752 
Population size - 50 50 50 50 
Iterations - 6000 6000 2000 200 
Elapsed time 
(sec) 

- 10560.81 6121.91 7014.11 116.0277 
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5.1.2 Case 2   
 
In this case, the size of population is 50, and the iterations maximum number is 200, with an 

elapsed time of 114.18 seconds to minimize the real power loss. Figure 3 shows the conversion curve 
of the proposed WHO technique compared with Hybrid GWO-PSO, GWO, and PSO to observe its best 
performance.  
 

 
Fig. 3. Power loss conversion curve of case 2 for four different techniques 

 
Table 2 shows the simulation results of WHO compared with other optimization methods. The 

WHO optimally reconfigures the tie switches to 23, 5, 11, 13, and 15. The optimal locations of the 
three DGs (PQ+-type) are 25, 32, and 8 buses with a sizing of 1.1523, 0.7491, and 1.09747 MW for 
active power injection and 0.8046, 0.5620, and 0.5593 for reactive power injection, respectively. The 
minimum bus voltage magnitude of the system is improved to 0.96509 p.u at bus 13. The active 
power loss is improved to 8.9162 KW. The VDI is improved to 0.00033764 p.u. Additionally, the VSI 
is increased to 0.96509 p.u. 
                                
Table 2 
Case 2 of the 33-Bus radial test system with network reconfiguration and PQ+-type DGS 

Methods Base 
Case 

PSO [7] GWO  [7] Hybrid GWO-PSO 
[7] 

Proposed 
WHO 

Objectives Minimize real power loss 
Real power loss 
(KW) 

202.6 10.8466 8.9540 8.9162 8.9162 

Switches opened  33,34,35, 
36,37 

25,7,21,34,16 
 

26,5,11,13 ,15 23,5,11,13,15 
 

23,5,11,13,15 

DGs Size (MVA) 
(Position) 

- 0.9533+j 
0.4627(24), 
0.7826+j 
0.3752(12), 
1.1959+j 
1.0738(30) 

1.1327+j 
0.8311(25), 
1.0818+j 
0.5138(8), 
0.7528+j 
0.5720(32) 
 

1.0974+j 
0.5593(8) 
0.7491+j 
0.5620(32) 
1.1523+j 
0.8047(25) 

1.1523+j 
0.8046(25), 
0.7491+j 
0.5620(32), 
1.09747+j 
0.5593(8) 
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5.1.3 Case 3 

 
In this case, the size of population is 50, and the iterations maximum number is 200, with an 

elapsed time of 109.53 seconds for minimizing the real power loss.  
 
Table 3 below shows the best result of WHO compared with other optimization methods. The 

WHO optimizer reconfigures the tie switches to 26, 4, 11, 13, and 15. The optimal locations of the 
three DGs (P-type) at 8, 25, and 32 buses with sizing 1.1419, 1.1176, and 0.7525 MW, respectively. 
Additionally, the optimal locations of the three SCs are 25, 8, and 30 buses with sizing 0.4456, 0.5436, 
and 0.9494 MVAR, respectively. The minimum bus voltage magnitude of the system is improved to 
0.9915 (p.u.) at bus 13. The active power loss is improved to 7.9269 KW. The VDI is improved to 
0.00042621 p.u. Finally, the minimum VSI is increased to 0.96476 (p.u.).  

 
Table 3 
Case 3 of the 33-Bus radial test system with network reconfiguration, P-type DGS, and SCS 

Min. Bus Voltage 
(p.u.) 
(Position) 

0.913 
(18) 

0.99208(17) 
 

0.9915(13) 
 

0.9916(13) 
 

0.96509(13) 

VDI (p.u.) 0.117 - - - 0.00033764 
VSI (p.u.) 0.693 - - - 0.96509 
Population size - 50 50 50 50 
Iterations - 8000 8000 3000 200 
Elapsed time (sec) - 9906.67 9629.51 9751.61 114.18 

Methods Base Case GA [16] Fuzzy-
BFO [17] 

BPSO [18] SHADE [19] SHADE-
EpSin 
[20] 

Proposed 
WHO 

Objectives Minimize real power loss 
Power loss 
(KW) 

202.6 50.149 45.65 15.47 12.70 15.63 7.9269 

Switches 
opened  

33,34,35,36,37 7,9,15,27, 
34 

9, 14, 
27, 33, 
36  

7,35,10,36,26 11,25,33,34,35 7, 11, 12, 
17, 26 

26,4,11,13,15    

DGs Size 
(MW) 
(Position) 

- 0.25 (16), 
0.25 (22), 
0.5 (30) 

0.758 
(14), 
0.1045 
(24), 
0.987 
(30)  

0.70 (15), 
0.60 (31), 
0.70 (25) 

1.532 (29), 
0.721 (8), 
0.641 (16) 

0.557 
(15), 
0.813 
(25), 
0.630 
(32) 

1.1419 (8), 
1.1176 (25), 
0.7525 (32) 

SCs Size 
(MVAR) 
(Position) 

- 0.3 (15), 
0.3 (18), 
0.3(29), 
0.6 (30), 
0.3(31) 

0.150 
(8), 
0.150 
(18), 
0.300 
(30) 

0.382 (14),  
1.013 (30), 
0.419 (24)  

1.260 (30), 
0.236 (14), 
0.197 (2)  

0.703 
(3), 
 0.399 
(9), 
0.1198 
(30) 

0.4456 (25), 
0.5436 (8), 
0.9494 (30) 

Min. Bus 
Voltage 
(p.u.) 
(Position) 
 

0.913 (18) 0.981 - 0.9887 0.9936 0.9863 
(8) 

0.9915 (13) 

VDI (p.u.) 0.117 - - - - - 0.00042621 
VSI (p.u.) 0.693 - - - - - 0.96476 
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5.1.4 Case 4 

 
In this case, the population size is 50, and the maximum number of iterations is 200, with an 

elapsed time of 125.03 seconds for minimizing the real power loss. Table 4 shows the optimal 
reconfiguration of the tie switches; 26, 5, 11, 13, and 15. The optimal locations of the three DGs (PQ+-
type) are 25, 8, and 32 buses with sizing 1.12768, 1.08156, and 0.753378 MW for active power 
injection and 0.388751, 0.449226, and 0.275447 MVAR for reactive power injection, respectively. 
Besides, the optimal locations of the three SCs are 3, 12, and 30 buses with sizing 0.292198, 0.114578, 
and 0.674815 MVAR, respectively. The minimum voltage magnitude of the system is improved to 
0.99316 (p.u.) at bus 14.  
 

Table 4 
Case 4 of 33-Bus radial system with network reconfiguration PQ+-type 
DGS and SCS 
Methods Base Case Proposed 

WHO 
Objectives Minimize real power loss 
Power loss (KW) 202.6 6.7891 
Switches opened  33,34,35,36,37 26,5,11,13,15 
DGs Size (MVA) (Position) -  1.12768+j 0.388751 (25), 

1.08156+j 0.449226 (8), 
0.753378+j 0.275447(32) 

SCs Size (MVAR) (Position) - 0.292198 (3), 
0.114578 (12), 
0.674815 (30) 

Min. Bus Voltage (p.u.) (Position) 
 

0.913 (18) 0.99316 (14) 

VDI (p.u.) 0.117 0.00027295 
VSI (p.u.) 0.693 0.97099 
Population size - 50 
Iterations - 200 
Elapsed time (sec) - 125.03 

 
The active power loss is improved to 6.7891 KW. Moreover, the voltage deviation index is 

improved to 0.00027295 (p.u.). The minimum voltage stability index is increased to 0.97099 (p.u.). 
The single-line diagram of the optimal reconfigured lines with the allocation of DGs and SCs is shown 
below in Figure 4.   
 

Population 
size 

- - - - - 150 50 

Iterations - - - - - 50000 200 
Elapsed 
time (sec) 

- - - - - - 109.53 
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Fig. 4. The single line diagram of the 33-bus radial system for Case 4 

 
5.1.5 Case 5 

 
In this case, the size of population is 50, and the iterations maximum number is 200, with an 

elapsed time of 156.125 seconds for the above-mentioned multi-function. Table 5 shows the optimal 
reconfiguration of the tie switches; 27, 33, 35, 13, and 15. The optimal locations of the three DGs 
(PQ+-type) are 25, 8, and 32 buses with sizing 1.1, 1.09707, and 0.59112 MW for active power 
injection and 0.335926, 0.44788, and 0.422017 MVAR for reactive power injection, respectively. 
Additionally, the optimal locations of the three SCs are 30, 18, and 2 buses with sizing 0.485267, 0, 
and 0.0217901 MVAR, respectively. The minimum bus voltage magnitude of the system is enhanced 
to 0.99079 (p.u.) at bus 14. The active power loss is improved to 9.4338 KW. Furthermore, the VDI is 
improved to 0.00098886 (p.u.). The minimum VSI is increased to 0.96176 (p.u.). 

   
Table 5 
Case 5 of the 33-Bus radial test system with network reconfiguration, PQ+-type DGs, 
and SCs  
Methods Base Case Proposed 

WHO 
Objectives Minimize real power loss + Minimize VDI + Maximize VSI 
Power loss (KW) 202.6 9.4338 
Opened switches 33,34,35,36,37 27,33,35,13,15            
DGs Size (MVA) (Position) -  1.1+j0.335926 (25), 

1.09707+j0.44788 (8), 
0.59112+j0.422017 (32) 

SCs Size (MVAR) (Position) - 0.485267 (30), 
0 (18), 
0.0217901 (2) 

Min. Bus Voltage (p.u.) (Position) 
 

0.913 (18) 0.99079 (14) 

VDI (p.u.) 0.117 0.00098886 
VSI (p.u.) 0.693 0.96176 
Population size - 50 
Iterations - 200 
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Elapsed time (sec) - 156.125 
 
5.2 Comparative Analysis 

 
Comparative analysis of the voltage profiles and voltage stability index for all cases are shown in 

Figure 5 and Figure 6, respectively. Figure 7 shows that the proposed WHO optimizer has reached 
the optimal solution compared to the other techniques. In addition, the real power loss, voltage 
deviation index, and voltage stability index comparative analysis for cases 1 to 5 are shown below in 
Figure 8, Figure 9, and Figure 10, respectively. Voltage profile, active power loss, voltage deviation 
index, and voltage stability index are improved in all scenarios after the simultaneous system 
reconfiguration with the optimal sizing and siting of DGs and SCs. 

 

 
Fig. 5. Voltage profiles of the five cases for a 33-bus radial test system 

 

 
Fig. 6. Voltage stability index of the five cases for a 33-bus radial test system 
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Fig. 7. Active power loss comparative study for case 3 using different techniques 

 

 
Fig. 8. Active power loss of different cases for the 33-bus radial test system 

 

 
Fig. 9. Voltage deviation index of different cases for the 33-bus radial test system 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 38, Issue 2 (2024) 196-213 

211 
 

 
Fig. 10. Minimum voltage stability index of different cases for a 33-bus radial test system 

 
6. Conclusions 

 
The wild horse optimizer has been used for single and multi-objective frameworks for hybrid 

siting and sizing of DGs and SCs in parallel with system reconfiguration in the distribution network. It 
is implemented to the IEEE 33-bus radial standard system to show its superior performance 
compared to other techniques. Five different cases of simultaneous system reconfiguration with 
hybrid siting and sizing of DGs and SCs have been utilized. The remarkable results of the proposed 
method's simulation can be summarised as follows: 

 
i. Excellent conversion characteristics have been observed for WHO. 

ii. The active power loss is improved by 74.9%, 95.59%, 96.08%, 96.64%, and 95.34% from 
case 1 to case 5 

iii. The voltage deviation index is improved by 91.19%, 99.71%, 99.63%, 99.76%, and 99.15% 
from case 1 to case 5. 

iv. The minimum voltage stability index is improved by 20.59%, 27.79%, 27.77%, 28.23% , 
and 27.54% from case 1 to case 5. 
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