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This study focuses on reactive power planning in the IEEE30-bus test
system, specifically involving the integration of flexible AC transmission
systems (FACTS) within the utility system. The primary objective is to
minimize power loss and voltage deviation. To address this, a recently
developed optimization algorithm called modified ant-lion optimizer
(MALO) is applied to solve the optimal reactive power dispatch (ORPD)
problem on the IEEE 30-bus system. A comparative analysis is conducted
between the results obtained with and without FACTS devices. The findings
reveal that the utilization of FACTS devices leads to significantly improved
outcomes compared to scenarios without FACTS devices. Among the
FACTS devices studied, the unified power flow controller (UPFC)
demonstrates superior performance compared to the static synchronous
compensator (STATCOM) and interline power flow controller (IPFC).
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1. INTRODUCTION

Optimal power planning with flexible AC transmission systems (FACTS) devices in
synchronization with volt-ampererating (VAR) has become anessential component for the safe and efficient
operation of power systems. To achieve a significant voltage profile, the optimal reactive power dispatch
(ORPD) [1], [2] aims to be as energy efficient as possible, while maintaining acceptable voltage profiles. The
control variables are finely tuned to achieve this. To make the voltage profile betterinthe power system,
several voltage control devices have been incorporated, including transformers that change the voltage, shunt
capacitors [3], [4], static VAR compensators (SVCs) [5], thyristor-controlled series compensators (TCSCs)
[6], [7], and thyristor-controlled phase shifters (TCP). Control variable settings in IEEE30 bus, IEEE57 bus,
and IEEE118 bus systems [8] produce complex constraint optimization problems. The effect of such
optimization on system performance is significant because it reduces losses, improves voltage profiles,
increases network load capacity, increases voltage stability, and reduces fuel costs. We find that the
stakeholders are more interested in achieving these objectives, particularly through the integration of FACTS
into legacy power systems. The installation of FACTS is recommended for weak buses in power systems
based on modal analysis. The voltage collapse proximity indicator (VCPI) is also tested to improve the
voltage stability index. To solve optimal power planning problems, some of the authors employed analytical
methods [9], genetic algorithms (GA) [10], current injection, and power injection models of FACTS. Static
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synchronous compensator (STATCOM) is one of the FACTS devices that is used to mitigate the current
variations in the power flow. In the same line of power flow, unified power flow controller (UPFC) is
employed to reduce and make up changes in current and voltage. Interline power flow controller (IPFC) is
used in the various lines of power flow to lessen and correct variations in voltage and current. To minimize
voltage deviation, active power losses, reactive power control, or manage margins and congestion, FACTS
devices are installed at optimal locations [11], [12].

For optimizing FACTS allocation, some computational techniques are suggested, including artificial
neural networks (ANN) [13], fuzzy logic (FL) [14], artificial neural networks and fuzzy inference systems
(ANFIS) [15], GA, gravitational search algorithms (GSA) [16], population-based techniques-particle swarm
optimization (PSO) [17], Evolutionary search algorithms [18], Darwin’s theory baseddifferential evolution
[19], tabu-search algorithms (TSA) [20], simulated algorithms (SA) [21], firefly algorithm (FA) [22],
artificial bee colonies [23], quasi-ORPDositional chemical reaction optimization, improved GSA, and chaotic
krill herd algorithms. Because these algorithms have not been exploited from the perspective of ORPD, as
well as FACTS, it is important to explore stochastic and search techniques [24]. An implementation of a
hybrid algorithm combining ant colony optimization (ACO) and lion hunt optimization (LHA) has been
proposed recently, incorporating its calculus in the internal structure of optimizers. For the solution of ORPD,
we can cite the ACO with LHA. Many power system problems have been solved with these methods. But
this work suggests the use of calculus tools with intelligent strategies to deal with optimization problems in
the energy sector. It is intended to examine the application of antlion optimization (ALO) to electric power
networks incorporating FACTS. Different contingency situations may lead to voltage collapse due to weak
buses. We implement an efficient solution for ORPD problems based on a modified version of the ALO, the
modified ant-lion optimizer (MALO). As part of the algorithm, control variables such as the STATCOM,
UPFC, IPFC, transformer tap positions, and bus voltages are determined to satisfy power demand. A voltage
deviation and a power loss minimization objective function are considered under MALO.

Accordingly, we can summarize the workflow as:

— Incorporating FACTS into optimization as a cutting-edge approach in resolving ORPD.

— By adding MALO to ORPD problems, it is possible to reduce total voltage variations and power losses
while still meeting operating requirements.

— Analysis of the MALO’s performance is done based on IEEE 30 bus case studies with ORPD.

— Statistical analyses consistently exemplify the robustness, stability, and consistency of the proposed
MALDO.

The article describes its structure as follows: a fitness function is presented for ORPD problems in
section 2. The mathematical model of FACTSis discussed in section 3. Section 4 contains comprehensive
descriptions of both the MALO and the scheme. Section 5 provides detailed comparisons with statistical
evaluations. Section 6 wraps up the entire essay with a summary of the key findings.

2. PROBLEM FORMULATION

The control variables may be optimized with MALO. In addition, this includes the STATCOM,
UPFC, and IPFC size concerning the system evaluation functions, as well as the tap changer settings.
Following are the objectives, constraints, and expressions.

2.1. Optimal fit function for minimizing power loss
Below is the fitness function utilized to minimize power loss in a power distribution system:

Min F(x1,x2)=PLoss =¥R_; g,[Vi* + V;* — 2VVjcos (8; — &))] (1)
The x; and Xz in (1) is realized as:

VGli VGZ! VG3! R VGN!

Qc1,Qc2, Qczy s Gens
VL11VL2;VL31 ""VLN' C}Tl ’;ij T3C3... TN -

1= QZGI'gGZ'g“""'ZGGN' ’ X2 = |STATCOM,, STATCOM,, ..., STATCOM,,,
L1212y 213> e BLNY UPQC,,UPQC,, UPQCs, ..., UPQCy,
IPQC,,IPQC,, IPQC;, ..., IPQCy,

A loss minimization function is represented by F (X1, X2).
— Total transmission lines are represented as R.
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— The sending end voltage is V; and the receiving end voltage is V;.

— The conductance of the line is represented as g.

— The sending end voltage angle 8; and the receiving end voltage angle &; are the respective voltage angles.

— The vector of control variables x; consists of the load voltages Vi1, VL, ..., Vin; reactive power of the
generator Qei, Qay, ..., Qon and line loading Zy1, Zi2, ..., Zin.

— The vector of control variables x, consists of the reactive power compensators Qci, Qcz, ..., QCN;
Generator voltages Vei, Ve, ..., Ven; tap positions of the transformers Ty, Ta, ... Tn; STATCOMS -
STATCOM;3, STATCOMgy, ..., STATCOM y; unified power flow controller (UPFC), UPFC;, UPFC,, ...,
UPFCy; IPFC, IPFCy, IPFC o, ..., IPFCh.

The upper and lower ranges for the control variables are presented in Table 1.

Table 1. Control variable boundaries

Control variables |E'\E/||:X3O bus s')\//lsitsm
Voltage 11 0.9
Transformer tap 1.06 0.94
Capacitance 5 0
The constraints of equality are as (2) and (3):
B--sin(&- - 6-)
Pgi — Py = Vy XhBusy | Y =0 2
Gi Di 121_1 Jj +Gij COS(6i _ 6]’) ( )
By;sin(8; — &)
= Qp =V, By | Y =0 3
QGl QDL 121_1 Jj +Gij COS(5i —5]-) ( )

The constraints in inequalities of STATCOM, UPFC, and IPFC boundaries, reactive power, generator
voltage and transformer’s tap position settings are shown as (4) to (9) [25], [26]:

STATCOM™™ < STATCOM; < STATCOM™,i = 1,2, ..., Nr arcom (4)
UPFC™M™ < UPFC; < UPFC"™,i = 1,2, ..., Nyprc (5)
QMin < Qy < QM,i=1,2,..,N; (6)
VI < Vo S VY i =1,2, ..., Npy (7)

TN < Qg < QM i =1,2,..., Npy (8)
T < T, < T™,i=1,2,.., Ny 9)

Where, in bus active supply and demand are Pg; and Ppi respectively; in bus reactive supply and demand are
Qai and Qpi respectively and N1, Nupec, Nipec, and Nc are the corresponding numbers of transformers,
UPFCs, IPFCs, and shunt capacitors.

2.2. Voltage deviation fitting function

Maintaining a constant voltage level is crucial for ensuring system stability. From a mathematical
perspective, the reduction of voltage deviation (Vp) is defined as (10):

Vp = LLEUS|V; — 1.0| (10)

=1

Where Ngus is the number of buses and Vi is iw bus voltage.

3. FACTS DEVICE MODEL FROM A MATHEMATICAL PERSPECTIVE
Solid-state devices enable the maintenance of desired voltage levels by eliminating line losses,
rerouting the network, and reducing faults [27]. By using FACTS, electric power networks can be regulated
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with respect to current, voltage, phase angle, series and shunt impedance. The UPFC and the IPFC belong to
the FACTS family of devices [28]. They can be used as hybrid stunt and series in line and interline
compensating devices respectively [29]. The impact of the UPFC and IPFC mathematical models after being
included into the network is explored in the following section.

3.1. Static synchronous compensator mathematical modeling
Consequently, by utilizing the static model depicted in Figure 1, Vishnu and K. [30] successfully
computed the total active and reactive power of STATCOM:

Psrarcom = Psn (11)

Qsrarcom = Qsn (12)
where,

Py, = Sgp cos Oy, and Qgp, = S, sin O, (13)

Further 0sy, are determined in

cos(B— 8)—cos(D)

— -1
95h = tan ( sin (8-8)

+90°-5 (14)
)

As a result of the installation of the STATCOM between buses in the network, the Yy equation matrix is
modified as (15):

0 0 0o .. 0 0
0 Aysr + Aysh 0o - _Aysr 0
0 0 0
vracom = v, +(9 0 R (15)
0 —4ys 0 w Ay 0
0 o0 0o - 0 0

The value of ys and ysh representshere the result of STATCOM installation and the admittance value change
respectively. A new entry in STATCOM affects branch data because of its presence.

Line 1

LWJ
MM

STATCOM }

Figure 1. Static model of STATCOM in the utility system

3.2. Unified power flow controller mathematical modeling
Consequently, through the utilization of the static model illustrated in Figure 2, Vishnu and K. [30]
estimated the total active and reactive power of UPFC:

Pypgc = Be + Py, (16)
Qupoc = Use + Qsp (7

where,
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P, = S, c0s O, and Qg = Sg Sin O, (18)
Py, = Sgp, cos g, and Qgp, = Sgp, Sin Oy, (19)

Further, 8se and Osh are determined in

Bse = 180° — tan™" (22) = 90°+2 (20)

—cosé

_ _1 (cos(@—&)—cos(D) o
05, = tan (7% — )+9o 5 (21)

As a result of the installation of the UPFC between buses in the network, the Yus equation matrix is modified
as (22):

[0 0 0 .. 0 0]
I 0 Ayy+Aysp 0 - —Ayy 0 I
0 0
Ybl:f;QC = Yyus + | : 0 0 0 : (22)
{0 —Ays 0 Aysr 0 Jl
0 0 0o - 0

The value of ysr and ysh here represents a result of UPFC installation; the admittance valuechanged. A new
entry in UPFC affects branch data because of the UPFC present.

Line 1

L
MM

STATCOM = DVR

Figure 2. Static model of UPFC in the utility system

3.3. Interline power flow controller mathematical modeling

The IPFC is the extended model of UPFC which is connected between two different lines, unlike the
same line between the buses. As a result, Vishnu and K. [30] estimated the IPFC °s total active and reactive
power using the static model depicted in Figure 3.

Line 1

Line 2 "W LAJVJ

o1

DVR = STATCOM

Figure 3. Static model of IPFC in the utility system

As a result of the installation of the IPFC between buses in the network, the Yys equation matrix is
modified as (23):
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0 0 0 . 0 0
0 Adyg+4yg, 0 _Aysr 0
Vb = Yy + [0 O oLy Yy (23)
0 _Aysr 0 Aysr - Aysh 0
0 0 0 - 0 0

The value of ys and ysn here represents a result of IPFC installation; the admittance value changed. A new
entry in IPFC affects branch data because of the IPFC present.

An optimal FACTS position can only be achieved by a weak bus recognition process. Weak bus
recognition is mostly used to place the FACTS devices in the best location possible to give efficient reactive
power to the appropriate places. Furthermore, this operation alters the intrinsic attributes of electrical
transmission lines, resolves problems associated with voltage instability, reduces line losses, enhances power
transmission capacity, and boosts voltage performance. To identify weak buses, a single-line diagram is
utilized for load factor analysis. The evaluation is conducted using the IEEE 30 system as the standard.

4. THE PROPOSED MODIFIED ANTLION OPTIMIZATION ALGORITHM
Initially, the ALO metaheuristic algorithm is used to calculate the optimal voltage deviation and loss
minimization. ALO is based on the hunting style of antlions. On IEEE30 test systems, an evaluation of the

ALO algorithm is assessed. A MALO is created and tested on IEEE30 bus test equipment in a subsequent

study. To reduce loss and have a lower voltage variation, an addition to the ALO is merely the least mean

square approximation. An evaluation of the ALO and MALO algorithms is conducted in comparison with

other evolutionary algorithms. In terms of position updates, in this case X/** = (X})?is used where

yt = (Kize)@i=c))
: bi-a;

a. Information about systems, buses, lines, and units is read;

b. It is best to establish the MALO settings, search agents, dimension, location, and iterations at the
beginning;

c. In the first population of ants and antlions, an ant and an antlion are initialized using
X(t)=[0;cumsu(2r(t1)—1);cumsu(2r(t2)—1);...;cumsu(2r(tn)—1)] as a random walk followed by fitness
value calculation;

d. MATLAB (each ant represents a solution) is used to calculate power lossesand voltage deviations;

e. Despite the best antlions, the end criteria is not reached, for i=1: n,0f ants;

t t
A Roulette wheel is used to select the antlions and equations ¢t = CT dt = dT are used to update the

parameters ¢ and d;
Calculate the normalized random walks using X/** = (X/)?;

+ cf. The antlion optimizer algorithm will be modified in the manner described:

—h

= e

t t
Ant]-t = @ can be used to update the ant ‘s current locations;

Calculating the fitness value for each solution and verifying the variable boundaries;
In cases where an antlion is superior to an elite, replace the elite with antlion.

— —

5. RESULTS AND DISCUSSION

To validate the robustness of the proposed algorithm in handling the IEEE30-bus system, a series of
tests were conducted. The power system underwent 10 independent runs to identify the optimal solution. The
simulation was performed on the MATLAB platform, specifically version 7.10. The research utilized a
personal computer equipped with a 1.80 GHz Core (TM i3) CPU and 4GB of memory. To minimize the
number of control variables and consequently the voltage deviation and real power losses, a focused
approach was adopted. In studying the ORPD problem, the power loss and voltage variations were
considered as a single objective fitness function. Table 2 shows a performance analysis of the IEEE 30 test
bus example without any FACTS devices for power loss minimization and voltage variation. This table
provides detailed insights into the power flow analysis of the IEEE 30 bus system, highlighting a voltage
deviation range of approximately 0.11936 p.u and the best-fit power loss of 4.1428 MW.

For the IEEE 30 test bus case with STATCOM, UPFC, and IPFC FACTS devices, Table 3 shows
the performance study of power loss minimization. This table illustrates the power loss minimization in an
IEEE 30 bus system with the considered FACTS devices, and the fitness function is optimized to
3.5821 MW, 2.9191 MW, and 3.8033 MW with STATCOM, UPFC, and IPFC, respectively.
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Table 2. Provides a comparative study of the IEEE 30 bus network, considering 19 decision variables and
excluding FACTS devices and the MALO algorithm
Proposed MALO with PLoss  Proposed MALO with voltage deviation

Control variable

targeted fitness function targeted fitness function
Vi 1.1000 0.9980
2 1.0952 0.9885
Vs 1.0747 1.0171
Vg 1.0825 1.0156
Vi 1.1000 1.0495
Vi3 1.1000 1.0444
Teo 0.9859 1.0194
Te-10 1.0500 0.9055
Ta12 1.0250 1.0278
Tor-28 1.0055 0.9543
Qcio 4.9242 1.2881
Qcr2 3.7574 0.9755
Qcis 3.6568 0.9459
Qci7 47737 0.0117
Qczo 3.5424 4.7066
(0]% 4.8584 0.7007
Qcz 0.4437 3.4206
QCas 47621 3.9141
Qcz 3.3655 1.3718
Ploss (MW) 4.1428 -

Voltage deviation 0.11936

Table 3. Hlustrates a comparative study of the IEEE 30 bus network, focusing on power loss minimization,
with 19-21 decision variables incorporating FACTS devices and the MALO algorithm

Control Proposed MALO
variable STATCOM UPFC IPFC
Vi 1.1000 1.1000 1.1000
V, 1.0929 1.0972 1.0810
Vs 1.0710 1.0838 1.0827
Vs 1.0933 1.0883 1.0845
Vi 1.1000 1.0988 1.0976
Vi3 1.1000 1.1000 1.0920
Te-o 1.0018 0.9877 1.0198
Te10 0.9493 1.0066 1.0061
Ta12 0.9869 0.9967 1.0067
Tar-28 0.9698 0.9940 0.9998
Qcio 2.2240 4.2603 34117
Qci, 1.2655 3.2718 4.0605
Qcis 4.9999 3.0427 1.3846
Qciz 0.7297 2.2760 4.7899
Qczo 4.9484 4.9678 4.9969
Qcax 4.,9981 45234 4,9598
QcCzs 4.4225 4.9479 4.9957
Qcz4 3.7343 4.9865 4.9993
Qcyg 0.9314 4.9938 2.3672
Location 23 23-24 4-12,4-3
Performance 2.8250 4.493956 1.395481
PLoss (MW) 3.5821 2.9191 3.8033

Table 4 shows the voltage deviation performance analysis for the STATCOM, UPFC, and IPFC
devices in the IEEE 30 test bus case. This table illustrates the voltage deviation minimization in IEEE 30 bus
system with the considered FACTS devices and the fitness function is optimized to 0.0791 p.u, 0.076 p.u,
and 0.0852 p.u with STATCOM, UPFC, and IPFC respectively.

Figure 4 shows the convergence curve of power loss for an IEEE30 bus system. The effects of
FACTS devices on power loss minimization are highlighted in this figure, which offers insightful
comparisons of the system ‘s performance with and without FACTS devices. Figure 5 shows the convergence
of voltage deviation for the same IEEE 30 bus system, The effects of FACTS devices on voltage deviation
are highlighted in this figure, which offers insightful comparisons of the system ‘s performance with and
without FACTS devices. The performance of each FACTS device with a normal case is compared,
illustrated, and presented, and it can be inferred from the aforementioned tables and figures that power loss
minimization and voltage deviation are each targeted individually as single objective functions.

Optimal reactive power dispatch using modified-ant lion ... (Sela Naga Venkata Sri Krishna Chaitanya)



18 a ISSN: 2302-9285

Table 4. A comparison of the IEEE 30 bus network ‘s 19 decision variables, FACTS devices, and intended
voltage deviation
Proposed MALO

Control variable

STATCOM UPFC IPFC
Vi 1.0002 1.0000 1.0031
V, 1.0394 1.0428 1.0600
Vs 1.0301 1.0600 1.0423
Vs 1.0370 1.0800 1.0192
Vi1 0.9600 0.9715 1.0020
Vi3 0.9723 0.9657 0.9602
Teo 0.9638 0.9847 0.9654
Te-10 0.9431 0.9400 0.9572
Ta2 0.9672 0.9476 0.9475
Tor-28 0.9687 0.9637 0.9573
Qco 3.3181 1.4674 4.6009
Qciz 4.1304 3.9016 0.0501
QcCis 1.8337 0.0307 4.9633
Qcy7 1.8256 1.1998 3.4948
Qco 2.5740 3.5248 4.9941
Qcz 4.8418 2.7334 0.4535
Qcz3 0.4248 1.0130 4.7998
QcCos 4.2409 4.8859 25170
Qcz 47720 34731 3.1252
location 18 18-19 12-16,12-15
Performance 7.357797 4.408692 2.416259
Voltage deviation 0.0791 0.076 0.0852
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Figure 4. Learning curves for test case using MALO for line loss minimization of IEEE 30 bus system
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Figure 5. Learning curves for test case using MALO for voltage deviation minimization of an IEEE30 bus
system

6. CONCLUSION

To address the ORPD issue in power systems utilizing STATCOM, UPFC, and IPFC FACTS devices,
a MALO has been created. In the typical IEEE-30 bus system, the MALO algorithm was investigated for
reducing active power losses and voltage deviation. It is compared whether MALO schemes are used with
STATCOM, UPFC, or IPFC to obtain the same results. Using FACTS devices, MALO performed well with all
ORPD objectives. Statistical analysis of the ORPD problems solved in standard test systems and supported the
validation of the MALO. Without FACTS devices, the results show that the best-fit power loss is 4.1428 MW
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and the voltage deviation is about 0.11936 p.u. Power loss minimization in IEEE 30 bus system with the
considered FACTS devices and the fitness function is optimized to 3.5821 MW, 2.9191 MW, and 3.8033 MW
with STATCOM, UPFC, and IPFC respectively. Similarly, the fitness function is optimized to 0.0791 p.u,
0.076 p.u, and 0.0852 p.u with STATCOM, UPFC, and IPFC for the IEEE 30 bus system ‘s voltage deviation
minimization using the examined FACTS devices. According to these findings, positioning UPFC produces
superior outcomes in comparison to other devices.
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