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I. Introduction

SUNT compensation is basically a powerful tool to improve voltage 
profile and increase the steady state transmittable power. Voltage 

stability problems are solved by providing sufficient reactive power 
at the appropriate location, thus improving the voltage profile and 
reducing power loss [1].  

There are various kinds of shunt compensation devices and each 
one has its own characteristic and boundary [2]. The shunt capacitor 
(C), static var compensator (SVC), and static synchronous compensator 
(STATCOM) are used to improve the static voltage stability margin 
and power transfer efficiency. However, the performance of SVC and 
STACOM is better in terms of reducing power losses and improving 
voltage profile [3]. To achieve the benefits of loss reduction and voltage 
profile improvement, engineers are in need to determine the optimal 
location and size of the shunt compensation devices.

Several techniques have been presented for solving the problem of 
the optimal capacitor placement in power system such as analytical, 
numerical programming, heuristic, artificial intelligence-based 
techniques [4], Combined Optimization Approach [5], Ant-lion 
optimization (ALO) [6, 7], Analytical Technique [8]-[10], combined 
algorithm based on Loss Sensitivity Factor and Salp Swarm Algorithm 

[11], combined algorithm based on Fuzzy Loss Sensitivity Factor with 
Sine Cosine Algorithm [12]. The genetic algorithm (GA), simulated 
annealing (SA), artificial immune system (AIS), Pareto Envelope-
based Selection Algorithm II (PESA-II) with fuzzy logic decision 
maker and particle swarm optimization (PSO) have been used to 
determine the optimal placement of SVC in power system [13] [14]. 
In [14], global harmony search algorithm (NGHS) has been used to 
determine the optimal allocation of STATCOM. In addition, different 
optimization techniques have been used for determining the optimal 
allocation of D-STATCOM in distribution systems [15]-[21]. However, 
the determination of optimal allocation of shunt compensation devices 
is still hot topic and needs more effort to achieve the maximum benefits 
from installation of these devices in electrical power systems.

This paper uses a new optimization technique, referred to as the 
Lightning Attachment Procedure Optimization (LAPO), to determine 
the optimal placement and sizing of shunt Var compensators in power 
systems. Lightning Attachment Procedure Optimization (LAPO) is a 
new optimization method that simulates the attachment procedure of 
lightning. LAPO has robustness, high quality and is able to disband a 
lot of troubles [4]. 

Sensitivity analysis has been applied to determine the candidate 
buses in order to reduce the search space in all buses and the total 
computation time [22] [23].

In this paper, the optimal allocation of such compensation devices 
in power systems is determined using the developed optimization 
algorithm. In this algorithm, the candidate buses, which are considered 
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the most suitable buses to connect with the compensation devices, are 
determined based on the loss sensitivity indices (LSIs). This step is 
necessary for reducing the search space and computation time. Then, 
LAPO is applied to compute the best size and determine the appropriate 
kind of shunt compensation devices in power systems. The results are 
contrasted with modern optimization techniques such as Teaching 
learning-based optimization (TLBO), genetic algorithm (GA) and 
particle swarm optimization (PSO) to confirm the applicability of the 
proposed technique. Two test systems are relied; the IEEE 14-bus and 
IEEE 30-bus system.

The rest of this paper is organized as follows: Section II presents 
an overview about the shunt compensation devices. The problem 
formulation is described in Section III. Section IV presents the 
sensitivity analysis. The LAPO algorithm is presented in Section V. 
Section VI presents the numerical results of the developed LAPO 
approach based on two standard test systems. Finally, the conclusions 
are presented in Section VII.  

II. Shunt Compensation Devices

The capacitors are the conventional type of compensation devices 
that are considered relatively inexpensive. The capacitor injects 
reactive power and is connected in parallel with system buses. Its 
injected reactive power is proportional to the square of the terminal 
voltage. Flexible Alternating Current Transmission Systems (FACTS) 
are the modern type of compensation devices. They are widely used 
with electric power systems to improve the system loadability, security 
and maximize exploitation of transmission lines [24] [25]. There are 
different types of FACTS devices such as SVC and STATCOM.

SVC is capable to extend fast acting reactive power reparation 
in electrical systems. In other meaning, SVCs have their output edit 
for interchange inductive or capacitive current to control the voltage, 
power factor, harmonics and stabilizing the system. SVC includes 
two groups; the first group consists of a fixed capacitor (FC) and a 
thyristor-controlled reactor (TCR), while the second group consists of 
a thyristor-switched capacitor (TSC) and TCR [26] [27]. Schematic 
diagram of SVC is shown in Fig. 1.

STATCOM is an advanced device that depends on a power  
electronics voltage source converter (VSC) and it can control the 
injected reactive power to the system. In addition, it can extend active 
power when it is connected to a source of power. Schematic diagram of 
STATCOM is shown in Fig. 2.

  

Fig. 1. SVC. Fig. 2. STATCOM.

Commercially, shunt compensation devices (capacitor, SVC and 
STATCOM) have constraints. However, this study has been achieved 
under injected Q with limit value 50 MVar and the suitable types of 
shunt compensation devices are given in Table I [14]. 

TABLE I. Types of Appropriate Shunt Compensation Devices Based on 
the Injected Reactive Power 

Shunt controller Qmin (MVAR) Qmax (MVAR)
Capacitor -10 10
SVC -30 30
STATCOM -50 50

III. Objective Functions

A. Voltage Profile Refinement
The voltage profile enhancement is the first objective function, 

which seeks to minimize the voltage deviations of load buses which 
can be represented as:

  (1)

where, NPQ is the number of load buses and Vi is the voltage of 
load bus i.

B. Voltage Stability Improvement
The System stability is indicated by voltage stability index (Lmax), 

which varies between 0 to 1. This objective function is given by:

 (2)

The voltage stability index at bus j is given by (3).

 (3)

where, Vi is the voltage of ith generator bus and Vj is the voltage of 
load bus. 

Calculate Fij using Ybus matrix (4) – (6).

 (4)

where, the complex voltages and currents at the load and generator 
are VL, VG , IL , IG . Sub-matrices of system Ybus are YLL, YGG, YGL, YLG.  
Eq. (4) can be written as in (5) and Fij is given by (6).

 (5)

 (6)

C.  Real Power Losses Diminishing
Minimizing real power losses is the third objective function that 

is given by:

 (7)

where, NTL is the number of transmission lines, Gib is the 
conductance of the transmission ib and δib is phase difference between 
voltages of buses i, b.

IV. Constraints 

A. Equivalent Constraints 
The balanced load flow equations are given by:

 (8)

 (9) 

where, the generated reactive and active power at bus i are QGi and 
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PGi, respectively, the reactive  and active  load demand at bus i are QDi 
and PDi , respectively, the susceptance and  conductance between  buses  
b and  i  are Bib and Gib, respectively.

B.  Inequality Constraints
The inequality constraints can be classified as follows:

1. Generated active and reactive powers, generators bus voltages, 
voltage magnitude of load buses and transformer tap settings 
which are within minimum and maximum values.

2. Apparent power flow in transmission lines .
3. Compensation MVAR (−50 ≤ Qcomd ≤ 50).

The operating constraints variables of the system must be 
considered in the objective functions. These variables can be easily 
limited in optimization solution using the quadratic penalty formulation 
of the objective functions for all dependent variables; therefore, the 
generalized objective function can be expressed as follows:

 (10)

where, hG , hV , hQ , hS , hF and ht are the penalty factors. These 
values are high positive. xlim acts as the limit values of the dependent 
variable as:

 (11) 

V. Sensitivity Analysis

The loss sensitivity analysis consists of two LSIs to determine 
the candidate buses for the existence of shunt reparation devices. 
Consequently, the search space in all the buses, and the simulation 
time will be reduced. Moreover, places are arranged according to 
their severity for efficient detecting the candidate load buses. Fig. 3 
shows two-bus system connected by a line as a part of a large power 
system. Buses p and q represent the sending and receiving end buses, 
respectively.

Fig. 3. Two-bus system.

 The reactive and active powers at the node p can be given as:

 (12)

 (13)

where, the power passes through line k are Pp and Qp. The total 
reactive and active load power around bus q are Qeff/q  and Peff/q , 
respectively. The reactive and active power losses through line k are 
QLossk  and  PLossk , respectively.

The current passing through line k from point p to point q is given as:

 (14)

where, the voltage magnitudes at point p and q are Vp and 
Vq, respectively, the voltage angles at point p and q are δp and δq, 

respectively, the reactance and resistance of line k are Xk and Rk 
respectively.

Eq. (13) can be manipulated as in (14).

 (15)

The imaginary and real parts of (15) are equate, and then squared 
and added to (16):

 (16)

The reactive and active power through line k are given by:

 (17)

 (18)

The total reactive and active power losses of power system are given by:

 (19)

 (20)

Calculate LSI1 by the first derivative of PLossk in (19) with respect 
to |Vq|, as follows:

 (21)

Values of LSI1 are listed from the smaller to larger in ascending 
order. The optimal buses to locate the shunt compensation devices are 
the highest negative values in the LSI1.

Calculate LSI2 by the first derivative of PLossk in (19) with respect 
to Qeff/q as follows:

 (22)

Values of LSI2 are listed from the larger to smaller in descending 
order. The optimum buses to locate the shunt compensation devices are 
those with the highest positive values in the LSI2. The optimum buses 
where the shunt compensation devices will be located are acquired from 
the top two lists by means of merger or union. The buses selection is 
approximately half of the total number of system buses (50% to 55%).

VI. Lighting Attachment Procedure Optimization 
(LAPO)

The Lightning Attachment Procedure Optimization (LAPO) 
[4] [28], is inspired by the nature of lightning attachment operation 
which contains the movement of the falling leader, spread of the rising 
leader, and the feature of lightning. Ultimate better result would be the 
lightning hit point. The suggestion method is free from any parameter 
setting and it is seldom stuck in the local best points. 

A. Serious Phases of LAPO 

1. Air Collapse on Cloud Surface
The cloud’s charges classified to three stages are shown in Fig 4. 

In the top stage in the cloud a large value of positive charge is placed, 
in the down stage in the cloud a large value of negative charge is 
located, as well as a little positive charge. The lightning is created 
and a large value of electrical charge shifts across the earth, when the 
voltage gradient on the border of the cloud increases, because of, the 
potential is increased between the charge centers, the positive charges 
and negative charges.
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Fig. 4. Distribution of the charge in the cloud.

2. The Fall of Lighting Channel
In the cloud’s edge air breakdown occurs, the lightning oncoming 

the earth in a stepwise motion. After each step, the lightning pauses, 
then shift to one or more other directions across the earth. With a view 
to know this operation, after each step, a hemisphere is seen beneath the 
leader tip with the center of leader tip and the radius of next step length 
(see Fig. 5) [4] [28]. There are more than one potential points on the 
face of this hemisphere, there are many of potential points which could 
be chosen as the next jump spot. The following jump spot is chosen 
randomly; yet, a spot with large value of electrical field between the 
line connecting the leader tip and the identical spot is more possible to 
be considered as the following jump.

Fig. 5. The downward leader ‘s procedure of the gradient movement.

3. Section Fading
There are a lot of spots for the following jump of lightning, the 

charge of the top branch is classified into new branches. the new 
branches are created by the same steps. No air break-down happens 
when the charges of branch decrease more than a stringent value  
(1 μC) and the result is that no movement occurs. Thus, this branch 
would vanish as shown in Fig. 6.

4. Leader of the Rising
Existence of cloud implies existence of a large negative charge 

over the earth.  This results in collecting of positive charges on the 
ground surface or earthed object beneath the cloud. In the heavy 
points, the high electric field produces air breakdown; thus, the heavy 
points start upward leader and spread through the air (see Fig. 7). As 
the downward leader is oncoming the ground, the upward leaders go 
across the downward leader quickly.

5.  Ultimate Leaping
The ultimate jump happens when upward leader arrives to downward 

leader wand, the striking point would be the point from which the upward 
leader has started. In this situation, all the other branches disappear and 
charge of the cloud is naturalized through this channel.

Fig. 6. Formation of the upward leader and diffusion through the downward 
leader.

B. Mathematical Steps of LAPO Algorithm
First step: Trail spot
Generated initial trail spots are placed at the cloud and earth edge. 

Several of these trail spots are the emitted lightning points, and some 
of them are the spot from which the upward leaders start. The trail spot 
is calculated by

 (23) 

Where Ymin and Ymax are minimal and maximum bound of 
variables, and rand is random variable in the range (0,1). The fitness 
function is evaluated depending on the objective function 

  (24)

Second step: jump definition
The average of all trail spots and the fitness function according to  

trail spot’s averages are calculated by Eqs:

 (25)

 (26)

There are many potential spots for a test point, which the lightning 
can pass. Since the lightning was a random action, for test point i, a 
random point p is chosen between the population (i /= p). If the fitness 
of the point p is greater than that of the average value, the lightning 
leaps across this point, otherwise, the lightning shifts to another 
direction. And are given by

 (27)

If average fitness of point p is lower than the fitness point

 (28)

If average fitness of point p is higher than the fitness point.
Third Step: Section Fading
If the fitness function is higher than the prior point, the branch 

maintains; else, it fades, and are given by: 

 (29)

 (30)
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This operation is executed for all the test points. In other words, in 
the first stage, all the remaining points are treated to shift down.

Cloud
Leader connecting line to the point with 
higher electric field than average electric field

Leader connecting line to the point with 
lower electric field than average electric field

Field branches

Fig. 7. Determine the next jump and determine the lightning path.

Fourth Step: Leader of the Rising
As explained in the prior steps, all the test points are treated as 

the downward leader and shifted down. In the second stage, all the 
test points are treated as the upward leader and moved above. The 
upward leader motion depends on the charge of the channels which is 
essentially spread exponentially, and is given by:

 (31)

where the number of iterations is j, the maximum number of 
iterations is jmax , and next jump is s, which depends on the charge of 
the channel and the next point is given by:

 (32)

Where Ymin and Ymax are the best and the worse solutions of the 
population.

Final Steps: Ultimate Leaping
The lightning operation pauses when the up leader and the down 

leader are gathering each other. 

VII.  Simulation Results

A. Validation Strategy & Used Parameters
The developed optimization technique is validated using two 

standard IEEE systems (IEEE 14-bus and IEEE 30-bus) with three 
various objective functions. The systems data are given in [29]. 
Three case studies are discussed for each system; (i) Case 1: One 
compensation device, (ii) Case 2: Two compensation devices, and (iii) 
Case 3: Three compensation devices.

The parameters of LAPO are population size = 20 and maximum 
number of iterations = 200. The parameters of TLBO are population 
specified size = 20 and maximum number of iterations = 200. The 
parameters of PSO are population size = 20, maximum iterations = 
200, C1 =1.05, C2 = 1.1, ωmax = 1 and ωmin = 0.3 [30]. The penalty 
factors are specified to be 100. The simulations are executed for 40 
trials and the optimum results are given below.

B. Obtained Results 
Table II and Table III present the obtained LSIs for IEEE 14-bus 

and IEEE 30-bus systems, respectively. The candidate buses that have 
high opportunity for connecting with shunt compensation devices is 
at the beginning of   LSIs table and vice versa for the buses located at 
the end of LSIs table. The candidate buses are 2,3,4,5,11,12,13 and 14 
for IEEE 14-bus and 2,3,4,5,6,7,15,16,17,21,24,26,27,28 and 30 for 
IEEE 30-bus.

TABLE II. Order of Load Buses Depending on LSIS (IEEE 14-Bus Test 
System)

LSI1 LSI2

Order Value Order Value

2 -0.085021 5 0.010309

5 -0.083808 13 0.0035644

3 -0.049055 14 0.0015991

4 -0.025891 2 0.001478

13 -0.022128 4 0.00026831

14 -0.013788 12 0.00014508

12 0.0014145- 11 0.0001217

11 0.00049929 - 3 0.00011671

10 0.00022395 10 8.1518e-005

1 0 1 0

6 0 6 0

7 0 7 0

8 0 8 0

9 0 9 0

TABLE III. Arrangement of Load Buses Depending on LSIS for IEEE 
30-Bus Test System

LSI1 LSI2

Order Value Order Value
6 -0.24189 6 0.0047946
4 -0.21416 15 0.0030409
2 -0.10295 28 0.0022654
3 -0.065464 2 0.0015673
5 -0.062066 7 0.0010889
15 -0.02248 24 0.00078636
30 -0.013854 21 0.00063556
7 -0.0089256 30 0.00058199
28 -0.007415 17 0.00053991
27 -0.0040301 27 0.00045571
24 -0.003341 26 0.00028421
21 -0.0021812 16 0.00021524
8 -0.0020607 23 0.00016113
29 -0.0017742 3 0.00013632
17 -0.0017486 22 0.00013588
14 -0.0014727 14 0.00013301
16 -0.0010829 29 0.00012081
26 -0.0009206 25 9.2603e-005
18 -0.0007789 18 5.8691e-005
22 -0.0006286 8 3.0762e-005
23 -0.0006245 5 2.8648e-005
25 -0.000151 20 2.0106e-005
20 -0.0001430 4 1.3554e-005
19 -9.9446e-01 19 6.3026e-006
1 0 1 0
9 0 9 0
10 0 10 0
11 0 11 0
12 0 12 0
13 0 13 0
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The results obtained with LAPO are compared with those obtained 
by other optimization techniques. Tables IV, V and VI present the 
results for VSI, voltage deviation and real power losses, respectively. 
From these tables, it can be observed that in  case of not using FACTS, 
the maximum voltage stability index (Lmax) is 0.0669 p.u, voltage 
deviation is 0.0272 p.u and active power losses is 2.8178 MW, while 
the maximum voltage stability index after determining the optimal 
allocation of different shunt compensation devices decreases from 
0.0669 p.u to 0.0645 p.u, voltage deviation decreases from 0.0272 
p.u to 0.0068 p.u, and active power losses decreases from 2.8178 
MW to 2.7571 MW for IEEE 14-bus and IEEE 30-bus, in  case of not 
using FACTS, the maximum voltage stability index (Lmax) is 0.1240 
p.u, voltage deviation is 0.0866 p.u and active power losses is 3.0896 
MW, while the maximum voltage stability index after determining the 
optimal allocation of different shunt compensation devices decreases 
from 0.1240 p.u to 0.0923 p.u, voltage deviation decreases from 
0.0866 p.u to 0.0643 p.u, and active power losses decreases from 
3.0896 MW to 2.8087 MW. Fig. 8 gives convergence characteristics of 
various optimization methods for VSI without compensation devices 
of IEEE 14-bus system. Fig. 9 shows the convergence characteristics 
of various optimization methods for power losses with one shunt 
compensation devices of IEEE 14-bus system. From this figure, it can 
be observed that the performance of developed algorithm is competing 
with other optimization techniques, while TLBO is considered the 
faster one. Fig. 10 gives the convergence characteristics of various 
optimization methods for power losses without shunt compensation 
devices of IEEE 30-bus system. From this figure, it can be observed 
that the performance of LAPO is competing with other optimization 
techniques, while GA is considered the worst one. Fig. 11 gives the 
convergence characteristics of various optimization methods for VSI 
with two shunt compensation devices of IEEE 30-bus system. It can 
be observed that the TLBO is the faster one compared with other 
optimization techniques. Fig. 12 gives convergence characteristics of 
various optimization methods for VSI with three shunt compensation 
devices of IEEE 30-bus system. Fig. 13 shows convergence 
characteristics of various optimization methods for VDD with three 
shunt compensation devices of IEEE 30-bus system. Fig. 14 gives 
convergence characteristics of various optimization methods for power 
losses with three shunt compensation devices of IEEE 30-bus system. 
Fig. 15 gives convergence characteristics for power losses using LAPO 
of IEEE 30-bus system. Fig.16 gives convergence characteristics for 
VSI using LAPO of IEEE 30-bus system. From Fig. 12 and Fig. 13, 
it can be observed that the performance of the developed algorithm is 
competing with other optimization techniques.

C. Outstanding Features of Developed Algorithm 
The results obtained by LAPO are comparable with those 

obtained by the well-known optimization techniques. This verifies the 
applicability of LAPO for power system studies as it gives a minimum 
objective function compared with TLBO, PSO and GA techniques.

Fig. 8. Convergence characteristics of various optimization methods for VSI 
without compensation devices of IEEE 14-bus system.

Fig. 9. Convergence characteristics of various optimization methods for power 
losses with one shunt compensation devices of IEEE 14-bus system.

Fig. 10. Convergence characteristics of various optimization methods for 
power losses without shunt compensation devices of IEEE 30-bus system.

Fig. 11. Convergence characteristics of various optimization methods for VSI 
with two shunt compensation devices of IEEE 30-bus system.

Fig. 12. Convergence characteristics of various optimization methods for VSI 
with three shunt compensation devices of IEEE 30-bus system.
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Fig. 13. Convergence characteristics of various optimization methods for 
VDD with three shunt compensation devices of IEEE 30-bus system.

Fig. 14. Convergence characteristics of various optimization methods 
for power losses with three shunt compensation devices of IEEE 30-bus 
system.

Fig. 15. Convergence characteristics for power losses using LAPO of 
IEEE 30-bus system.

Fig. 16. Convergence characteristics for VSI using LAPO of IEEE 30-
bus system.

TABLE IV. VSI, Optimal Placement, Size in MVAR and Suitable Type of Shunt Compensation Devices

IEEE 14-bus system IEEE 30-bus system

Without FACTS

LAPO 0.0669 0.1240

TLBO 0.0712 0.12434

PSO 0.0713 0.1253

GA 0.0715 0.1257

Case 1 (value, place, 
size, and type)

LAPO 0.0656,14,38.3232, STATCOM ,21, 50, STATCOM 0.1173

TLBO 0.06631, 4, 49.97, STATCOM 0.118, 21, 49.7337, STATCOM

PSO 0.0703, 5, 33.45, STATCOM 0.125, 7, 22.8768, SVC

GA 0.0708, 5, 49.8751, STATCOM 0.1216, 21, 23.8204, SVC

LAPO
0.0648, (13,14),
(-50,45.4927),
2 STATCOM

0.1073, (7,27), (9.1307,
44.8712),

C, STATCOM

Case 2 (value, place, 
size, and type)

TLBO 0.0663, (4, 5), (-16.5310, 49.9692), SVC, STATCOM 0.11312, (30, 27), (-16.7354, 50), SVC, STATCOM

PSO 0.0701, (5, 4), (49.9997, 23.721), STATCOM, SVC 0.1168, (21,15), (42.7866, 38.4338),
2 STATCOM

GA 0.0664, (4, 5), (27.8177, 28.1106),
2 SVC

0.12001, (7, 17), (-41.2411, 46.7745),
2 STATCOM

Case 3 (value, place, 
size, and type)

LAPO
0.0645, (4,14,12),

(-6.2314,45.0123, -50),
C, 2 STATCOM

0.0923, (15,21,30),(35.1034,22.5432,39.1089)
2 STATCOM, SVC

TLBO 0.0655, (5, 4, 5), (30.1891, -46.0102, 43.9262), 3 
STATCOM

0.1112, (17, 21, 15), (26.174, 50.0, 35.377),
SVC, 2 STATCOM

PSO 0.0697, (4, 5, 4), (33.5932, 43.629, 30.7922), 3 
STATCOM

0.1161, (21, 7, 3), (33.6635, 49.9984, 34.6893), 3 
STATCOM

GA
0.0662, (4, 14, 4),

(-24.9, 30.92, -16.123),
2 SVC, STATCOM

0.1192, (21, 30, 15), (0.1669, 48.2160, 10.9165),
C, STATCOM, SVC
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TABLE V. Voltage Deviation in PU, Optimal Placement, Size in MVAR and Suitable Type of Shunt Compensation Devices

IEEE 14-bus system IEEE 30-bus system

Without FACTS

LAPO 0.0272 0.0866

TLBO 0.03211 0.088319

PSO 0.0327 0.0907

GA 0.03286 0.095745

Case 1 (value, place, 
size, and type)

LAPO 0.0148, 14, 12.2541, SVC 0.0783,17,4.6421, C

TLBO 0.0300, 14, -42.3003, STATCOM 0.086812, 15, 17.5913, SVC

PSO 0.0324, 5, 43.4456, STATCOM 0.089608, 21, 24.3424, SVC

GA 0.0328, 4, -8.8882, C 0.0943,21, -41.2308, STATCOM

Case 2 (value, place, 
size, and type)

LAPO 0.0079, (14,12), (12.6500.-1.7732), SVC, C 0.0779, (20,15), (5.6523,14.8365), C, SVC

TLBO 0.0081, (14, 5), (13.0869, 15.3602), 2 SVC 0.083624, (3, 24),
(-14.0, 15.92), 2 SVC

PSO 0.0083, (14, 4), (13.0757,
15.0135), 2 SVC 0.0848, (21, 15), (4.6344, 16.8076), C, SVC

GA 0.0183, (12, 14), (-23.9822, 11.6879), 2 SVC 0.092047, (24, 15), (10.8060, 1.2003), SVC, C

Case 3 (value, place, 
size, and type)

LAPO 0.0068, (4,5,14), (9.4621,7.0088,13.016), 2 C, SVC 0.0643, (15,26,30), (-3.9316,4.8339,5.1494), 3C

TLBO 0.00794, (5, 14, 12), (16.2095, 13.0638,
22.1965), 3 SVC

0.0813, (4, 24, 15), (14.9389, 8.2276, 26.0513), 2 
SVC, C

PSO 0.0080, (14, 12, 5), (12.9847, 24.5797, 0.6175), 2 
SVC, C

0.0843, (21, 7, 15), (7.3001, 19.8402, 12.6049), C, 2 
SVC

GA 0.0111, (14, 5, 4), (12.03, -36.644, 17.7964),
2 SVC, STATCOM

0.091, (30, 24, 7), (30, 4.8605, -49.9498),
STATCOM, C

TABLE VI. Power Losses in MW, Optimal Placement, Size in MVAR and Suitable Type of Shunt Compensation Devices

IEEE 14-bus system IEEE 30-bus system

Without FACTS

LAPO 2.8178 3.0896

TLBO 2.8193 3.0997

PSO 2.8398 3.111

GA 2.8542 3.1227

Case 1 (value, place, 
size, and type)

LAPO 2.7922,14,7.7322, C 3.0723,21,13,0046, SVC

TLBO 2.8182, 14, -8.7037, C 3.0772, 7, 9.7524, C

PSO 2.8254, 5, -36.9354, STATCOM 3.0905, 30, 44.9121, STATCOM

GA 2.8204, 4, 6.0963, C 3.1137, 7, 8.6169, C

Case 2 (value, place, 
size, and type)

LAPO 2.7603, (5,13), (40.5023,0.7516), STATCOM, C 3.0625, (26,7), (2.2619,10.1625), C, SVC

TLBO 2.7784, (13, 14), (8.6097, 7.1422), 2 C 3.0632, (21, 7), (11.6681, 7.4546), SVC, C

PSO 2,7942, (5 ,13), (15.9081,9.1433), (SVC, C) 3.0679, (7, 21), (8.8934, 10.6073), C, SVC

GA 2.812, (14, 5), (7.4191,
-10.4339), C, SVC 3.0932, (21, 16), (6.8264, 4.1232), 2 C

Case 3 (value, place, 
size, and type)

LAPO
2.7571, (12,14,5),

(1.7137,5.306,
0.4380), 3 C

2.8087, (4,21,27), (7,92828, -3.4041,29,0705),
C, STATCOM, SVC

TLBO 2.7599, (12, 14, 4), (22.9890, 7.2583, 9.0851), (SVC, 
2 C)

2.8712, (5, 7, 21), (45.2345, 34.6556, 23.44323),
2 STATCOM, SVC

PSO 2.78, (14, 5, 12), (7.0831, 9.4564, 10.3951), 2 C, SVC 3.0581, (30, 21, 7), (2.4394, 11.7325, 8.9302), 2 C, 
SVC

GA 2.7837, (4, 14, 13),
(-24.4101, 5.5066, 3.4499), SVC, 2 C

3.082, (21, 28, 7), (15.4645, -1.1633, 8.9918), SVC, 
2 C
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Regular Issue

VIII.   Conclusion

 In this paper, a new hybrid optimization technique based on LAPO 
and loss sensitivity indices has been proposed to determine the optimal 
allocation of different shunt compensation devices in power systems. 
Two LSIs have been developed to determine the candidate   locations 
for the existence of shunt compensation devices in order to decrease 
the search time in all buses and accelerate the convergence. The 
proposed optimization technique has been used to achieve different 
objective functions; voltage stability index, improvement of voltage 
profile and minimization of total power losses. IEEE 14-bus and 
IEEE 30-bus test systems have been used to verify the optimization 
algorithm. The results of the proposed algorithm have been compared 
with those obtained by other well-known optimization techniques such 
as TLBO, PSO and GA. The obtained results proved the capability of 
the proposed algorithm to effectively determine the optimal allocation 
of such compensation devices and achieve different objective functions 
during fast computation time. Other compensation devices such as; 
UPFC, IPFC and CUPFC have not been studied using the developed 
technique which maybe faces some challenges with them, as they are 
more complex devices. Hence, the future work will be focused to solve 
this issue.
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