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Abstract: - Optimal Reactive Power Dispatch (ORPD) plays a crucial role in maintaining voltage stability, enhance power transfer capability,
improve system efficiency, regulate voltages, manage congestion, facilitate renewable energy integration, and achieve cost savings in power
systems. This paper presents a new optimization technique for optimal reactive power management in power transmission system, called
Integrated Clonal Accelerated Evolutionary Programming (ICAEP) algorithm to optimize the reactive power to be dispatched by the generator
buses under 3 scenarios with cases. The ICAEP was developed based on hybridization of the traditional Artificial Immune System (AIS) and
Evolutionary Programming (EP). The two cases demonstrate the effect of reactive load increment at the chosen load buses; while the three
scenarios represent the ORPD schemes which indicate the involvement of generator buses either 3 generators, 4 generators or 5 generators.
Implementation of ICAEP outperformed AIS and EP in both objective functions either in minimum voltage maximization or power loss
minimization, involving all the cases under the three scenarios. The performance of the ICAEP is evaluated on the IEEE 30-bus test system.
The results would be beneficial to power system operators and planning expansion and knowing the status of their systems in their utilities.
The developed optimization engine is also robust and feasible for further optimization problem solving initiatives.

Keywords: Integrated Clonal Accelerated Evolutionary Programming; Reactive Power Dispatch; Loss
Minimization; optimization; Optimal sizing

. INTRODUCTION

Due to the rapidly evolving energy landscape, the efficient and reliable operation of power systems is paramount.
Power utilities and grid operators face the challenge of not only supplying the required active power to meet the
demand but also managing the reactive power component of the electrical system. Reactive power, while not
directly contributing to useful work output, is essential for maintaining voltage stability, supporting magnetic fields,
and ensuring the overall integrity of the grid. Reactive Power Management plays a critical role in maintaining the
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quality and reliability of electrical power supply. It involves the careful control and coordination of reactive power
sources and devices to ensure that voltage levels remain within acceptable limits, reducing the risk of voltage
collapses, equipment damage, and even blackouts. Effective management of reactive power enhances the system's
resilience against disturbances and enables a more flexible and dynamic grid. One of the key tools in Reactive
Power Management is Optimal Reactive Power Dispatch (ORPD). ORPD leverages advanced optimization
techniques and algorithms to determine the optimal settings for reactive power sources such as generators,
capacitors, and reactors.  In this context, the ORPD emerges as a challenging nonlinear problem in power system
engineering. By optimizing the distribution of reactive power resources, ORPD aims to minimize losses, improve
voltage profiles, and enhance the overall efficiency of the power system. This approach goes beyond traditional
rule-based methods, allowing for a more adaptive and responsive control strategy that can adapt to varying load
conditions and system configurations. By redistributing reactive power generation, power system engineers can
reduce the risk of blackouts and equipment malfunctions. ORPD involves a combination of techniques and
measures to optimize the control, monitoring and compensation of reactive power in power systems. Reactive
power control equipment like capacitors, reactors, synchronous condensers, and SVC may be used in ORPD
approaches. These devices help inject or absorb reactive power as needed to regulate voltage levels and compensate
for fluctuations in reactive power demand.

Various methods have been developed to solve the problem over the years. For challenges involving global
optimization, several classic as well as meta-heuristic techniques including Evolutionary Programming [1],
Differential Evolution (DE) [2], Particle Swarm Optimization (PSO) [3-6], have been developed in recent years. In
the last decades, computational intelligence-based techniques have been proposed for solving reactive power
planning problems especially in the ORPD [7]. The ORPD problem has been presented as both single objective
and multi-objective optimization problems. Single objective ORPD using Particle Swarm Optimization (PSO) is
proposed in [8] for minimizing the total costs which includes the energy loss of transmission network and cost of
adjusting the control devices. A multi-agent based PSO (MAPSOQ) is presented in [9] to solve the ORPD problems.
An ORPD considering static voltage stability and voltage deviations is proposed using seeker optimization
algorithm (SOA) in [10]. The SOA is based on the concept of simulating the act of human searching, where search
direction is based on the empirical gradient. In [11], management and rescheduling of reactive power support is
treated as an ORPD problem. The objective function is to maximize voltage stability margin, while maintaining the
the economic dispatch of active power, by rescheduling the reactive power injections from synchronous generators
and synchronous condensers. Harmony search algorithm (HSA) is proposed in [12] to solve the ORPD problem.
An optimal reactive power dispatch strategy considering the steady-state voltage stability is studied in [13]. An
evolutionary-based approach which employs differential evolution (DE) algorithm for optimal setting of ORPD
control variables is proposed in [14]. In [15], restoring the desired voltage security margin based on demand
response using load-to-source impedance ratio index and PSO is presented. This method is applied to optimize the
reactive power dispatch, taking into consideration the reactive power requirement at the point of common coupling,
while active power losses are minimized in the wind farm. In [16], an objective function based on a voltage stability
index is introduced for ORPD problem.

Although extensive meta-heuristic techniques have been proposed by many researchers in solving the optimal
reactive power dispatch, each of the individual pure techniques has its own merits and demerits. As an example,
population-based computing techniques such as GA, EP, PSO and DE may not assure global optimality, but it still
provides good near-optimal solution in an acceptable computational time. Recently, hybridization of meta-heuristic
techniques has gained popularity in research work. The hybrid meta-heuristic is referred to as the algorithm that
combines various algorithmic ideas from several branches of artificial intelligence approaches. The most important
motivation of doing the hybridization of different algorithmic concepts has been to obtain better performing systems
that exploit and combine advantages of the individual pure strategies. It is believed that the new hybridization
approach will benefit from its synergy. Choosing an adequate combination of multiple algorithmic concepts is often
the key for achieving top performance in solving many hard optimization problems. Thus, the hybridization of
intelligence techniques has grown its popularity of this line of research specifically in solving the ORPD in the
recent years.

Modified cuckoo search algorithm: A novel method to minimize the fuel cost in [17] to solve fuel cost problem. In
[18], the performance of different constraint handling methods on ORPD are evaluated. An algorithm combining
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modified teaching—learning algorithm (TLA) and double DE algorithm is introduced in [19] to handle the ORPD
problem. Also, in [20], a heuristic algorithm based on hybrid modified imperialist competitive algorithm and
invasive weed optimization is proposed for dealing with the ORPD problem.

In [21], the authors address the problem of ORPD as a non-linear, mixed integer optimization problem. The study
introduces a new modified DE approach to settle the RPD control variables to reduce power system losses and
enhance voltage profile and system security. As reported in [22], the researchers used EP in order to improve RPD
and voltage control in power systems. EP has been applied to the IEEE 30-bus system for global optimization in
power systems. Comparing it to a gradient-based method, EP shows potential for enhancing the economic
efficiency of the power system. Many hybrid algorithms have been employed recently to address the reactive power
optimization problem in power systems. Hybrid methods offer the advantage of fast convergence speed while being
able to search for the global optimum over a wide range. However, the current ORPD approaches in use may not
effectively tackle the challenge of improving the voltage profile in power networks.

This paper presents a hybrid computational intelligence-based technique namely ICAEP for optimal sizing of the
reactive power support to address the ORPD problems. Validation was conducted on a reliability test system (RTS)
namely the IEEE 30-bus system and its performance in maintaining the voltage profile within the acceptable limits,
improving the power losses as well as the voltage stability index are compared with the classical EP and AlS.
Results from the proposed ICAEP reveals its superiority over the traditional EP and AIS in addressing the loss and
voltage control study.

Il. PROBLEM FORMULATION
A. Objective Function

ORPD plays a critical role in addressing multiple aspects of power system operation, including voltage control and
power loss minimization. To maintain appropriate voltage levels throughout the power system to ensure stable
operation and reliable performance by strategically adjusting the reactive power output of generators and the
placement of reactive power compensating devices, ORPD helps regulate voltage levels within acceptable limits.
Proper voltage control prevents over-voltages and under-voltages, which can damage equipment and disrupt service
to consumers. ORPD ensures that the system operates within the desired voltage range, contributing to efficient
and reliable power delivery.

Reactive power losses occur due to the flow of reactive current through network components such as transmission
lines and transformers. These losses contribute to inefficiencies and increased energy costs. ORPD optimizes the
allocation of reactive power resources to minimize these losses. By strategically managing the flow of reactive
power and reducing the magnitude of reactive currents, ORPD reduces power losses and improves overall system
efficiency.

Coordinating the control of voltage within power transmission systems represents a critical optimization challenge.
Inadequate sizing of these compensating devices can result in undesirable situations of both under-compensation
and over-compensation. Thus, a robust and dependable optimization methodology is essential to establish an
accurate compensation strategy.

B. Objective Function

This section describes the fitness equations and objective functions solved in this study. Relevant constraints are
also elaborated.

i. Voltage Profile Improvement

The objective function in this study is to improve voltage in an electric power system by taking V,, as the fitness
value. The problem formulation of ORPD installation was started by finding the optimal location, size, and control
settings of the OPRD to improve the power system performance, such as enhancing power system stability,
reducing power losses, improving voltage profile, and increasing transmission capacity. The objective function is
the maximization minimum voltage in the system, given by (1).
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OF = max(Vmin) (1)
ii. Power Loss Minimization

The real power losses Ploss (MW) is the next fitness equation, while the objective function is the minimization
of real power loss. The equations are given in (2) and (3) respectively.

0.F = Min(Pyyss) (2)
Pposs = Xieq i (V2 + V2 = 2V,V;cos6;)) (3)
Where;
N : Number of transmission line
Jr: Conductance at line k
V; : Voltage magnitude at end of bus i
V; : Voltage magnitude at end of bus j
6;;: Voltage phase angle at end of bus i/j
C. Constraints Equation

Two constraints equations are considered involving the equality constraint and inequality constraint. Constraints
on inequality include the ranges of voltage magnitudes, the location of the SVC and the injections of reactive
powers.

095< V; < 1.05 (4)

The equality requirement and the inequality constraint are the restrictions that cause issues in this optimization.
The balance of active power flow in each bus (except the slack bus) is equality constraint and the formulated in
the equation below is balanced of reactive power flow:

Pgi — Pdi — VLZV] ( Gi]'COSHij + BUSlnHU) =0 (5)
Qgi = Qai- Vi ZV; (Gyjcos6;; + Byjsinbyj) = 0 (6)
Where,

Py;: Active power on generator bus
Qgi: Reactive power generator bus
P,; : Active power on load bus

Qg;: Reactive power on load bus
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I1l. OVERVIEW OF THE PROPOSED METHOD
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Figure 1: Flowchart of ICAEP

In the field of electrical power system engineering, numerous optimization technigques have been applied to complex
problems [9]. One widely utilized method is EP, which has proven effective in optimizing fitness function
represented by mathematical equations. EP encompasses several steps including initialization, mutation, and
reproduction to iteratively improve the solutions. In a specific study, EP has been employed to address the challenge
of optimal sizing in order to enhance the voltage profile and minimize power losses in power systems.

The ICAEP algorithm is a newly developed technique, integrating both EP and AIS in its development. The EP
initialization step is implemented due to its chaotic property of population generation, allowing a solution to be
identified from multiple approaches. The mutation process is accelerated before it is paired with AIS cloning
process which benefits from its exploration capability and converge onto the best individual in the population to
obtain the optimal solution. The flowchart of ICAEP algorithm is shown in Figure 1. ICAEP intends to optimize
the sizing of reactive power resources, resulting in improved voltage profiles and reduced power losses while
improving the convergence speed in electrical power systems. The inclusion of acceleration allows for more
effective exploration of the solution space and enhances the algorithm ability to avoid local optima, ultimately
contributing to finding better solutions. The detailed ICAEP algorithm development is described in the following
steps: -

Step 1: Initialization

In this process, 20 individuals of reactive power support as the control variables will be randomly generated. In
general, the control variables in this study are the sizing of reactive power to be dispatched by the generator buses.
In this study, the control variables depend on the number of generators involved in the ORPD scheme. This will
be explained in detail in the results and discussion since several cases are considered in this study.

X11 X12 %13 X1k

.. . X221 X22 X23 X2k
Initial population = | % . : : )

Xn1 Xn2 Xn3 o Xpg

Variable n represents the number of individuals of the participating control variables. In this study, 20 individuals
are generated for each control variable, making the population size to be [n column by k column of control
variables]. In this study, n is 20.
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Step 2: Cloning Process

Cloning is a process of multiplying the initial population of parents. The clone population xnk_cin Will be assigned
back to the generator. The cloning process is conducted to allow the algorithm learns repetitive several identical
individuals so that the whole population can be multiplied and help the optimization process due to the individuals
similarity.

Step 3: Fitness 1 Calculation

In this step. The fitness function will be evaluated using the cloning population and the output is stored in an array
called outl. In this study, the fitness are power loss and minimum voltage in the system, conducted independently
in single objective optimization process.

Step 4: Accelerated Mutation

Next step, the clonal population will undergo mutation process that has been accelerated to breed the offspring.
In this step, the offspring values are modified using a parameter “lambda” within the range of 0 to 0.9. The
mutation process involves adjusting the offspring solutions to enhance their convergence towards improved
solutions.

VaccG = VbestG + |(VbestG - VG) (8)

The symbol |, serves as the accelerated coefficient in the mutation process which expedite the whole optimization
process.

Step 5: Fitness 2 Calculation

The fitness value of the offspring is evaluated again using load flow calculations and the resulting value is stored
in another array, called out2. A loop is started to iterate over 20 accelerated solutions to improve the optimization
process even further. The reactive power injections are updated based on the current accelerated solution inside
each cycle, allowing for dynamic modifications. This adjustment process ensures that the offspring for reactive
power injections align with the accelerated solution being evaluated. Using this iterative technique, the algorithm
explores multiple potential solutions, improving and adjusting the reactive power injections to optimize the overall
performance of the system.

Step 6: Combination and Selection

The population embedded in the first array, outl called as fitness 1 (outl) and fitness 2 (out2) from the population
of the offsprings are combined into a single matrix called out_all. This makes the combined population size double
within the same number of control variables. The selection process is conducted to identify the survivors for the
next evolution. These survivors are the parents for the next cycle or evolution. It is done by performing elitism
process where all the individuals are sorted in accordance with the best fitness. The best fitness depends on the
objective function. For minimization process as the objective function, the lowest fitness value will be ranked at
the top of the list. Or in other words, these individuals are sorted in ascending order based on fitness values. For
the case of Vimin maximization, the individuals are sorted in accordance with the highest Vmin Value, where they are
sorted in descending order.

Step 7: Convergence Test

Convergence test ensures the stopping criterion of the optimization process. The convergence test was done by
checking if the difference between the maximum and minimum fitness values is below a threshold. If the
convergence is achieved, terminate the optimization process. Otherwise, the process will be repeated. This
statement can be mathematically written as: -

fitnessyax — fitnessy, < 0.0001 ©)]
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IV. RESULTS AND DISCUSSION

The newly proposed ICAEP optimization algorithm has been tested on the standard IEEE 30-bus test system
shown in Figure 2 to evaluate the optimal sizing of the ORPD and the effectiveness of the proposed algorithm.
Two different cases with three scenarios have been considered as follows:

Case 1: Bus 29 was subjected to load reactive load variation between 5 MVar to 25 MVar.

Case 2: Bus 30 was subjected to load reactive load variation between 5 MVar to 25 MVar.

This condition was evaluated for specific locations of ORPD scheme where multiple scenarios have been assessed.
Scenario 1: ORPD for three generators at Buses 5, 8 and 11; denoted by Qgs, Qgs and Qgx1.

Scenario 2: ORPD for four generators at Buses 2, 5, 8 and 11 denoted by Qg, Qgs, Qgs and Qgas.

Scenario 3: ORPD for five generators at Buses 2, 5, 8, 11 and 13 denoted by Qg2, Qgs, Qgs, Qg11 and Qgas.

In each case and scenario, the performance of the system, such as minimum voltage (Vmin), total real power loss
(PLoss) and the optimised sizing of the reactive power to be dispatched for the ORPD scheme are optimized. The
performance of the ICAEP is compared to that of the EP and AIS algorithms in terms of determining the improved
minimum voltage value in the system and minimizing the power losses while meeting the system’s constraint.
The sizing of the ORPD is evaluated for each scenario and the results before and after the optimization are also
compared.

Figure 2: IEEE 30-bus test system

A. Maximization of Voltage

Maximization of minimum voltage in the system is the first objective function in this study. Table 1 and Table 2
tabulate the results for minimum voltage maximization with the ORPD scheme.

Case 1: Reactive Load Variation at Bus 29

Table 1 tabulates the results of the minimum voltage improvement for Case 1 when Qu29 Was subjected to reactive
load variations between 5 MVar to 25 MVar. In Scenario 1, generally, the increment of reactive power loading at
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Bus 29 reduces the voltage from 0.9737 p.u. to 0.8179 p.u.. With the implementation of ORPD into the system,
minimum voltage in the system is increased, solved using all the three optimization techniques, EP, AIS and
ICAEP. For instance, at Qa2 = 25 MVAR, EP increases the minimum voltage in the system from 0.8179 p.u. to
0.9700 p.u. while AIS improves its value to 1.0062, and the proposed ICAEP improves its value to 1.0116 p.u.. It
is shown that ICAEP achieves the highest value as compared to EP and AlS. This reveals the superiority of ICAEP
over AIS and EP. The amount of reactive power to be dispatched by the generators are Qgs = 79.5064 MVAR, Qgs
=125.6034 MVAR and Qg3 = 114.2270 MVAR when solved using ICAEP as highlighted in the table.

Table 1: Case 1: Voltage profile with load variation at Qqzg

Techniques Quzo Before  After O Qe Qe O Qus

(MVAR) (MVar) (MVar) (MVar) (MVar) (MVar)

5 0.9737 1.0352 - 66.8076 85.0228 - 47.6043

10 0.9436 1.0058 - 74.5359 79.6429 - 63.0841

EP 15 0.9064 0.9815 - 78.5243 78.4481 - 76.6791
20 0.8651 0.9674 - 76.4899 77.8853 - 67.2613

25 0.8179 0.97 - 76.2144 78.7522 - 70.9125
5 0.9737  1.035 - 88.3425  139.5605 - 126.9211
Scenario 1 10 0.9436  1.0298 - 85.3976  134.9085 - 122.6904
AIS 15 0.9064 1.0245 - 82.453 130.2565 - 118.4597
20 0.8651 1.0116 - 79.5082 125.6045 - 114.229
25 0.8179 1.0062 - 76.5635  120.9525 - 109.9983
5 0.9737 1.0476 - 91.2851  144.2113 - 131.1491
10 0.9436  1.035 - 88.3403  139.5593 - 126.9188
ICAEP 15 0.9064 1.0298 - 85.3957  134.9073 - 122.6882
20 0.8651 1.0245 - 82.4504  130.2553 - 118.458

25 0.8179 1.0116 - 79.5064  125.6034 - 114.227
5 0.9737 1036 44.6367 86.0361  102.8683 - 134.7775
10 0.9436  1.0299 43.3239  83.5057 99.8428 - 130.8135
EP 15 0.9064 1.0221 41.6828 80.3426 96.0608 - 125.8584
20 0.8651 1.0173 40.6971  78.4439 93.7927 - 122.8853
25 0.8179 0.9944 36.1023 69.5873 83.2032 - 109.0111
5 0.9737 1.0466 46.9328 90.4636  108.1625 - 141.7137
10 0.9436 1.0391 452918 87.3005 104.3806 - 136.7586
Scenario 2 AIS 15 0.9064 1.0314 43.6508 84.1374  100.5987 - 131.8036
20 0.8651 1.0236 42.0091 80.9736 96.8183 - 126.8485
25 0.8179 1.0157 40.3688  77.8113 93.0349 - 121.8936
5 0.9737 1.0496 475885 91.7278  109.6766 - 143.6961
10 0.9436 1.0421 459475 88.5654  105.8949 - 138.7411

ICAEP 15 0.9064 1.0345 44.3066  85.4024  102.1129 - 133.786
20 0.8651 1.0268 42.6655 82.2388 98.3311 - 128.8305
25 0.8179 1.0189 41.0245 79.0758 94.5491 - 123.8754

5 0.9737 1.0344 58.8449  38.2665 66.6062 83.7451 60.9694

10 0.9436 1.0108 58.8445  29.9457 66.6049 65.5375 60.9671

EP 15 0.9064 0.9922 52.3066  29.9477 52.5838 65.5392 60.9685
20 0.8651 0.9897 52.3058 29.1143 52.5821 63.7178 60.9671

25 0.8179 0.9891 45.7676  29.9461 52.5822 65.5383 60.9671

5 0.9737 1.0317 57.8109 71.5664 65.1494 69.3939 50.5289
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10 0.9436 1.0152 19.0201  26.1137 35.924 158.993 38.9195
Scenario 3 AIS 15 0.9064 1.0077 523116  31.1989 63.1051 68.2729 60.974
20 0.8651 0.9838 22.1613  68.5323  47.6712 34.8294 75.2732
25 0.8179 0.9534 28.0794  38.4945 53.1982 63.4475 32.9647
5 0.9737 1.0467 98.7396  104.556 7.2647 104.0324  55.4949
10 0.9436 1.0377 89.7633 104.5569 7.2649 104.0334 50.45
ICAEP 15 0.9064 1.0255 56.7895 36.6858  118.3941  56.8046 29.2733
20 0.8651 1.0177 88.4684  31.3596 52.3666 88.1451 47.7709
25 0.8179 09945 925637 30.9687  49.8445 61.7874 51.4684

In Scenario 2, 4 generators participate in the ORPD scheme involving generators at Buses 2, 5, 8 and 13. In
general, the implementation of ORPD involving 4 generators managed to increase the minimum voltage in the
system, solved using the three optimization techniques regardless of the reactive power loading. For instance, at
Qa2 = 25 MVAR, EP increases the minimum voltage from 0.8179 p.u. to 0.9944 p.u., while AIS increases its
value to 1.0157 p.u., and the proposed ICAEP increases its value to 1.0189 p.u.. Similar observation is experienced
as those in Scenario 1. It is worth mentioning that ICAEP continues to outperform both EP and AIS in achieving
the highest voltage value. At this loading condition, the four generators require Qg = 41.0245 MVAR, Qgs =
79.0758 MVAR, Qgs = 94.5491 MVAR and Qq13 = 123.8754 MVAR to achieve the highest voltage value.

In Scenario 3, all the 5 generators in the system participate in the ORPD scheme involving generators at Buses 2,
5, 8, 11 and 13. The implementation of ORPD involving all the 5 generators managed to increase the minimum
voltage value in the system, solved using the three optimization techniques. For instance, at Qqz0 = 25 MVAR, EP
increases the voltage value from 0.8179 p.u. to 0.9891 p.u., while AIS increases its value to 0.9534 p.u., and the
proposed ICAEP increases its value to 0.9945 p.u.. Similar observation is experienced as those in Scenario 1 and
Scenario 2. It is worth mentioning that ICAEP continues to outperform both EP and AIS in achieving the highest
voltage value. At this loading condition, the five generators require Qg = 92.5637 MVAR, Qg = 30.9687 MVAR,
Qgs = 49.8445 MVAR, Qq11 = 61.7874 and Qq13 = 51.4684 MVAR to achieve the lowest power loss. The results
for other reactive power loading can also be referred to in the same table using all the optimization techniques.

Table 2: Case 2: Voltage profile with load variation at Qqso

i 50 Qe Qus Qus Qoun Qois
Techniques Before  After

(MVAR) (Mvar)  (MVar) (Mvar)  (MVar) (MVar)
5 0.9728 1.0298 - 85.3976  134.9085 - 122.6904
10 0.9326 1.0224 - 81.2732  128.3945 - 116.7653
EP 15 0.891  1.0084 - 77.7396  122.8122 - 111.6886
20 0.8438 0.9851 - 70.6723  111.6474 - 101.5352

25 0.7881 0.9758 - 64.783  102.3435 - 93.0739
5 0.9728 1.0313 - 91.2872  144.2126 - 131.1518
Scenario 1 10 0.9326  1.0298 - 85.3957  134.9073 - 122.6882
AIS 15 0.891 1.0185 - 88.3425  139.5605 - 126.9211
20 0.8438  0.9891 - 76.5635  120.9525 - 109.9983
25 0.7881 0.9777 - 70.674  111.6484 - 101.5369

5 0.9728 1.0352 - 66.8076  85.0228 - 47.6043

10 0.9326 1.0313 - 454288  58.6334 - 77.3396

ICAEP 15 0.891  1.0255 - 37.37 66.2374 - 62.6215
20 0.8438  1.0209 - 55.3519  61.0716 - 51.0848

25 0.7881 1.0175 - 71.412 71.0659 - 29.239
5 0.9728 1.0197 44.6367 86.0361  102.8683 - 134.7775
10 0.9326 1.0134 43.3239 83.5057  99.8428 - 130.8135
EP 15 0.891 1.0055 41.6828 80.3426  96.0608 - 125.8584
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20 0.8438 1.0006 40.6982  78.4447  93.7917 - 122.8854

25 0.7881 0.9941 39.3843 75.9135  90.7671 - 118.9212

5 0.9728 1.0305 46.9328 90.4636  108.1625 - 141.7137

10 0.9326 1.0228 45.2918 87.3005  104.3806 - 136.7586

Scenario 2 AIS 15 0.891  1.015 43.6508 84.1374  100.5987 - 131.8036
20 0.8438 1.0022 41.0245 79.0758  94.5491 - 123.8754

25 0.7881 0.999 403688 77.8113  93.0349 = 121.8936

5 0.9728 1.0335 475885 91.7278  109.6766 - 143.6961

10 0.9326 1.0259 45.9475 88.5654  105.8949 - 138.7411

ICAEP 15 0.891 1.0181 443066 85.4024  102.1129 - 133.786
20 0.8438 1.0103 42.6655 82.2388  98.3311 - 128.8305

25 0.7881 1.0022 41.0245 79.0758  94.5491 = 123.8754

5 0.9728 1.0184 58.8485 38.2694  66.6089  83.7471 60.9726
10 0.9326 1.0143 49.041 382695  59.5991  83.7483 68.5947
EP 15 0.891 1.0079 52.308  38.2666  59.5954  83.7454 60.9707
20 0.8438 0.9698 80.785  83.6436 57492  83.2246  40.3582
25 0.7881 0.9652 49.041  29.9497  52.5872  65.5416 53.351

5 09728 1.0253 41.2268  79.0853 59.23 44,7874 6.8956
10 09326 1.0167 619279 23.1786  30.5471  65.1505 35.8282
Scenario 3 AIS 15 0.891 0.9911 523116 31.1981  63.1049  68.2723 60.974

20 0.8438 09721 221648 68.5345  47.6752  39.4761 75.2767
25 0.7881 0.9653 54.3074 50.9454  84.1202  28.761 41.5515

5 09728 1.0482 67.8842 78.1169 1121602 44.1006 51.9393
10 09326 1.0341 75.6368 113.9646  43.8353  28.405 98.2507
ICAEP 15 0.891 1.0271 725389 114.9355 106.6258 26.8153 30.6299

20 0.8438 1.0127 25.006  87.5719 924216  95.1968 12.5342
25 0.7881 1.0014 88.4684 31.3595  52.3665  88.1447 47.7708

Case 2: Reactive Load Variation at Bus 30

In Case 2, reactive load variation was subjected to Bus 30 as the second tested bus. Similar three scenarios were
also considered for this study with load being reactively increased from 5 MVAR to 25 MVAR. The results are
tabulated in Table 2 to demonstrate the voltage increment at all the load increment, optimized using the 3
optimization techniques.

In Scenario 1, generally, the increment of reactive power loading at Bus 30 reduces the voltage from 0.9728 p.u.
to 0.7881 p.u.. With the implementation of ORPD into the system, minimum voltage in the system is increased,
solved using all the three optimization techniques, EP, AIS and ICAEP. For instance, at Qdsy = 25 MVAR, EP
increases the minimum voltage in the system from 0.7881 p.u. to 0.9758 p.u.. while AIS improves its value to
0.9777, and the proposed ICAEP improves its value to 1.0175 p.u.. It is shown that ICAEP achieves the highest
value as compared to EP and AlS. This reveals the superiority of ICAEP over AIS and EP. The amount of reactive
power to be dispatched by the generators are Qgs = 71.4120 MVAR, Qgs = 71.0659 MVAR and Qg3 = 29.2390
MVAR when solved using ICAEP as highlighted in the table.

In Scenario 2, 4 generators participate in the ORPD scheme involving generators at Buses 2, 5, 8 and 13. In
general, the implementation of ORPD involving 4 generators managed to increase the minimum voltage in the
system, solved using the three optimization techniques regardless of the reactive power loading. For instance, at
Qa3 = 25 MVAR, EP increases the minimum voltage from 0.7881 p.u. to 0.9941 p.u., while AIS increases its
value to 0.9990 p.u., and the proposed ICAEP increases its value to 1.0022 p.u.. Similar phenomenon is observed
here as those in Scenario 1. ICAEP continues to outperform both EP and AIS in achieving the highest voltage
value. At this loading condition, the four generators require Qg2 = 41.0245 MVAR, Qg = 79.0758 MVAR, Qgs =
94.5491 MVAR and Qg3 = 123.8754 MVAR to achieve the highest voltage value.
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Table 3. Casel: Power Losses (PLoss) With load variations at Qgzo

) Qu Before After Qg Qgs Qgs Q11 Qui3
Techniques

(MVAR)  (Mmw)  (MW)  (Mva)  (Mvar) (MVa) (MVar)  (MVar)
5 17.2784  17.2084 - 48.3293  54.7427 - 160.0028

10 18.1164  17.9801 - 50.0893  166.0028 - 185.251
EP 15 18.6192 18.2421 - 50.1318  54.2563 - 164.6007
20 19.3855 19.0367 - 80.4876  62.2606 - 103.8897

25 20.526  20.2521 - 64.1823 91.236 - 67.8687

5 17.2784  15.1452 - 52.1122 77.431 - 12.0263

Scenario 1 10 18.1164  16.0011 - 65.2505  56.8623 - 37.5962
AlS 15 18.6192  17.1021 - 69.5916  59.5892 - 28.4406
20 19.3855  17.4336 - 79.3586  43.4418 - 54,6787

25 20.526  18.0013 = 35.3159 82.1194 - 41.5403

5 17.2784 10.0421 - 29.2052  13.4037 - 20.0948

10 18.1164 10.2123 - 46.7517  14.1336 - 6.8134

ICAEP 15 18.6192 11.2112 - 33.1665  15.2234 - 34.8008
20 19.3855 11.4125 - 31.6429  21.7563 - 25.1042

25 20.526  13.8781 - 54,1611  40.3912 - 9.6455

5 17.2784 167121 47.2112 88.3111  54.7427 - 90.0028

10 18.1164 17.1981 64.5433 70.0393 52.3218 - 65.251

EP 15 18.6192 18.0021 525768  63.4587  80.4576 - 64.6007
20 19.3855 18.2541  75.4444  67.7632  64.1823 - 73.6597

25 20.526  19.6512 21.8798 88.5675 102.3243 - 67.8687

5 17.2784 145456  79.4354 521122  77.431 - 12.0263

10 18.1164 16.1101 67.0989 65.2532  56.8623 - 37.5962

Scenario 2 AIS 15 18.6192 17.5621 166.0028 48.5546  59.5892 - 28.4406
20 19.3855 171221 54.2563 65.3876  43.4418 - 54,6787

25 20526 181921 62.2606 35.3159  82.1194 - 41.5403

5 17.2784 10.0465 98.3454  29.2052  13.4037 - 20.0948

10 18.1164 10.4213 101.3241 46.7517  14.1336 - 36.8134

ICAEP 15 18.6192 112128 87.3421 33.1665 15.2234 - 34.8008
20 19.3855 12.1087 47.3434  31.6429  21.7563 - 25.1042

25 20.526  13.7678 32.9856 24.1691  40.3912 - 9.6455

5 17.2784 175992 56.4376  48.3293  54.7427  76.7878 76.89

10 18.1164 18.1211 88.4354 52.0893 166.0028 75.5678 65.251

EP 15 18.6192 184551 82.2312 57.1318 54.2563 87.7676  84.6057
20 19.3855 19.4323  78.3501 84.4876 62.2606  56.4565 93.8897

25 20.526  20.5454  71.1212  74.1823 91.236 86.5452 67.8687

5 17.2784 155412 83.3332 521122  77.431  89.6785  12.0263

10 18.1164 16.3121 67.3232 65.2505 56.8623  97.5654 37.5962

Scenario 3 AIS 15 18.6192 171001 59.5476  69.5916 54.2123  67.6567  28.4406
20 19.3855 17.6767 43.4148 79.3586 514351 54.4567  54.6787

25 20.526  18.2112 82.1154 35.3159 50.3243  91.0002 41.5403

5 17.2784 10.0098 29.2052 67.5698 13.4037 67.5467  20.0948

10 18.1164 10.2003  46.7517 76.7654 14.4356  37.6545  46.8134

ICAEP 15 18.6192 115432 33.1665 67.1123 152234 87.5676  34.8008
20 19.3855 12.2198 32.4354 31.6429 21.7563  78.5454 25.1042

358



J. Electrical Systems 20-7s (2024): 348-363

25 20.526 12.8786 65.8791 24.1611 39.3132  65.7558 54.6455

In Scenario 3, all the 5 generators in the system participate in the ORPD scheme. The implementation of ORPD
involving all the 5 generators managed to increase the minimum voltage value in the system using all the three
optimization techniques. For instance, at Qg3 = 25 MVAR, EP increases the voltage value from 0.7881 p.u. to
0.9652 p.u., while AIS increases its value to 0.9653 p.u., and the proposed ICAEP increases its value to 1.0014
p.u.. Similar observation is experienced as those in Scenario 1 and Scenario 2. ICAEP maintains to outperform
both EP and AIS in achieving the highest voltage value. At this loading condition, Qg, = 88.4684 MVAR, Qgs =
31.3595 MVAR, Qgs=52.3665 MVAR, Qq11 = 88.1447 and Qq13 = 47.7708 MVAR to achieve the highest voltage
value. The results for other reactive power loading can also be referred to in the same table using all the
optimization techniques.

In summary ICAEP managed to achieve the highest voltage increment in all cases regardless of the reactive load
increment for all cases in the tested scenarios.

B. Power Losses Minimization

The proposed algorithm was executed with optimal sizing of reactive power to minimize the real power losses
as the objective function. In this case, three scenarios are considered as those introduced in the part of this section.
Reactive load variation was subjected to Bus 29. In Scenario 1, 3 generators participate in the ORPD scheme
involving generators at Buses 5, 8 and 13. In general, the implementation of ORPD involving 3 generators
managed to reduce the total power loss in the system, solved using the three optimization techniques regardless
of the reactive power loading. For instance, at Qq29 = 25 MVAR, EP reduces the power loss from 20.5260 MW to
20.2521 MW, while AIS reduces its value to 18.0013 MW, and the proposed ICAEP reduces its value to 13.8781
MW. It is shown that ICAEP achieves the lowest power loss as compared to EP and AIS. This reveals the
superiority of ICAEP over AlS and EP. The amount of reactive power to be dispatched by the generators are Qgs
=54.1611 MVAR, Qg =40.3912 MVAR and Qg3 = 9.6455 MVAR when solved using ICAEP as highlighted in
the table. The results for other reactive power loading can also be referred to in the same table using all the
optimization techniques.

In Scenario 2, 4 generators participate in the ORPD scheme involving generators at Buses 2, 5, 8 and 13. In
general, the implementation of ORPD involving 4 generators managed to reduce the total power loss in the system,
solved using the three optimization techniques regardless of the reactive power loading. For instance, at Qg9 = 25
MVAR, EP reduces the power loss from 20.5260 MW to 19.6512 MW, while AIS reduces its value to 18.1921
MW, and the proposed ICAEP reduces its value to 13.7678 MW. Similar observation is experienced as those in
Scenario 1. It is worth mentioning that ICAEP continues to outperform both EP and AlS in achieving the lowest
power loss. At this loading condition, the four generators require Qg = 32.9856 MVAR, Qg5 = 24.1691 MVAR,
Qgs = 40.3912 MVAR and Qg3 = 9.6455 MVAR to achieve the lowest power loss. The results for other reactive
power loading can also be referred to in the same table using all the optimization techniques.

In Scenario 3, all the 5 generators in the system participate in the ORPD scheme involving generators at Buses
2,5, 8,11 and 13. The implementation of ORPD involving all the 5 generators managed to reduce the total power
loss in the system, solved using the three optimization techniques at all reactive power loading. For instance, at
Qu20 = 25 MVAR, EP reduces the power loss from 20.5260 MW to 20.5454 MW, while AIS reduces its value to
18.2112 MW, and the proposed ICAEP reduces its value to 12.8786 MW. Similar observation is experienced as
those in Scenario 1 and Scenario 2. It is worth mentioning that ICAEP continues to outperform both EP and AIS
in achieving the lowest power loss. At this loading condition, the five generators require Qg2 = 65.8791 MVAR,
Qgs = 24.1611 MVAR, Qgs=39.3132 MVAR, Qg1 = 65.7558 and Qg13 = 54.6455 MVAR to achieve the lowest
power loss. The results for other reactive power loading can also be referred to in the same table using all the
optimization techniques.

Table 4. Case 2: Power Losses (PLoss) With load variations at Quqzo
Techniques Before After Qg2 Qgs Qgs Qg1 Qq13
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(MVAR) (Mvar)  (Mvar) (MVar) (MVar) (MVar)
5 17.7038  17.6884 - 48.3293  54.7427 - 160.0028
10 18.1091 18.0001 - 50.0893 166.0028 - 185.251
EP 15 18.666  18.5457 - 50.1318  54.2563 - 164.6007
20 19.5484  19.3867 - 80.4876  62.2606 - 103.8897
25 20.9265 20.6551 - 64.1823  91.236 - 67.8687
5 17.7038 15.5417 - 52.1122 77.431 - 12.0263
Scenario 1 10 18.1091  16.2417 - 65.2505  56.8623 - 37.5962
AIS 15 18.666  17.1432 - 69.5916  59.5892 - 28.4406
20 19.5484  17.9686 - 79.3586  43.4418 - 54.6787
25 20.9265 18.2343 - 35.3159  82.1194 - 41.5403
5 17.7038 10.0685 - 29.2052  13.4037 - 20.0948
10 18.1091  10.5076 - 46.7517  14.1336 - 6.8134
ICAEP 15 18.666  10.3833 - 33.1665  15.2234 - 34.8008
20 19.5484  11.5246 - 31.6429  21.7563 - 25.1042
25 20.9265 13.9025 - 24.1691  40.3912 - 9.6455
5 17.7038 16.8674 67.2132  48.3293  54.7427 - 160.0028
10 18.1091 17.265  54.2343  50.0893  50.1318 - 185.251
EP 15 18.666  18.0757  32.6578  23.4587  80.4876 - 164.6007
20 19.5484 183867 654564 67.4532  64.1823 - 103.8897
25 20.9265 19.7751 21.8798  88.5675 102.3243 - 67.8687
5 17.7038 14.6785 79.4354  52.1122 77.431 - 12.0263
10 18.1091 16.2534  67.0989  65.2532  56.8623 - 37.5962
Scenario 2 AIS 15 18.666  17.6879 166.0028 485546  59.5892 - 28.4406
20 10.5484 17.1231 54.2563 65.3876  43.4418 - 54.6787
25 20.9265 18.1934 62.2606  35.3159  82.1194 - 41.5403
5 17.7038  9.6021  98.3454  29.2052  13.4037 - 20.0948
10 18.1091 10.1564 101.3241 46.7517  14.1336 - 6.8134
ICAEP 15 18.666  11.2976  87.3421  33.1665 15.2234 - 34.8008
20 10.5484 121435 47.3434  31.6429  21.7563 - 25.1042
25 20.9265 13.8034 32.9856 24.1691  40.3912 - 9.6455
5 17.7038 17.6884 56.4376  48.3293 54.7427  76.7878  160.0028
10 18.1091 18.0001 88.4354 52.0893 166.0028 75.5678  185.251
EP 15 18.666  18.5457  82.2312 57.1318 54.2563 87.7676  164.6007
20 195484 19.3867 78.3501 84.4876 62.2606 56.4565  103.8897
25 20.9265 20.6551 71.1212 74.1823 91236  86.5452  67.8687
5 17.7038 155417  83.3332 52.1122 77.431 89.6785 12.0263
10 18.1091 16.2417 67.3232  65.2505 56.8623 97.5654  37.5962
Scenario 3 AIS 15 18.666  17.1432 59.5476  69.5916 54.2123  67.6567 28.4406
20 19.5484 17.9686  43.4148 79.3586  51.4351  54.4567 54.6787
25 20.9265 18.2343 82.1154 35.3159 50.3243 91.0002  41.5403
5 17.7038 10.0012 29.2052 67.5698 13.4037 67.5467  20.0948
10 18.1091 10.2076  46.7517 76.7654  14.4356  37.6545 6.8134
ICAEP 15 18.666  11.6453 33.1665 67.1123 152234 87.5676  34.8008
20 19.5484 122376  32.4354 31.6429 21.7563  78.5454 25.1042
25 20.9265 13.0032 54.8769 24.1691 40.3912 67.7558 9.6455
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Case 2: Reactive Load Variation at Bus 30

In this case, three similar scenarios are considered with reactive load variation was subjected to Bus 30. Three
similar scenarios using the three optimization techniques were conducted in this study.

In Scenario 1, 3 generators participate in the ORPD scheme involving generators at Buses 5, 8 and 13. In general,
the implementation of ORPD involving 3 generators managed to reduce the total power loss in the system, solved
using the three optimization techniques regardless of the reactive power loading. For instance, at Qs =25 MVAR,
EP reduces the power loss from 20.9265 MW to 20.6551 MW, while AIS reduces its value to 18.2343 MW, and
the proposed ICAEP reduces its value to 13.9025 MW. ICAEP achieves the lowest power loss as compared to EP
and AIS. This reveals the superiority of ICAEP over AIS and EP. The amount of reactive power to be dispatched
by the generators are Qgs = 24.1691 MVAR, Qg5 =40.3912 MVAR and Qg3 = 9.6455 MVAR when solved using
ICAEP as highlighted in the table. The results for other reactive power loading can also be referred to in the same
table using all the optimization techniques.

In Scenario 2, 4 generators participate in the ORPD scheme involving generators at Buses 2, 5, 8 and 13. The
implementation of ORPD involving 4 generators managed to reduce the total power loss in the system, solved
using the three optimization techniques at all the reactive power loading. For instance, at Qqs0 = 25 MVAR, EP
reduces the power loss from 20.9265 MW to 19.7751 MW, while AIS reduces its value to 18.1934 MW, and the
proposed ICAEP reduces its value to 13.8034 MW. ICAEP continues to outperform both EP and AlS in achieving
the lowest power loss. At this loading condition, the four generators require Qg = 32.9856 MVAR, Qg5 = 24.1691
MVAR, Qgs = 40.3912 MVAR and Qg3 = 9.6455 MVAR to achieve the lowest power loss. The results for other
reactive power loading can also be referred to in the same table using all the optimization techniques.

In Scenario 3, all the 5 generators participation in the ORPD scheme involve generators at Buses 2, 5, 8, 11
and 13. Again ORPD scheme managed to reduce the total power loss in the system, solved using the three
optimization techniques at all reactive power loading. For instance, at Qg3 = 25 MVAR, EP reduces the power
loss from 20.9265 MW to 20.6551 MW, while AIS reduces its value to 18.2343 MW, and the proposed ICAEP
reduces its value to 13.0032 MW. Similarly, ICAEP continues to outperform both EP and AIS in achieving the
lowest power loss. At this loading condition, the five generators require Qg = 54.8769 MVAR, Qg = 24.1691
MVAR, Qgs = 40.3912 MVAR, Qg1 = 65.7558 and Qg3 = 9.6455 MVAR to achieve the lowest power loss. The
results for other reactive power loading can also be referred to in the same table using all the optimization
techniques.

V. CONCLUSION

In conclusion, this paper has presented the Integrated
Clonal Accelerated Evolutionary Programming (ICAEP) for reactive power management in voltage control and
loss minimization in power transmission system usingORPD scheme involving the injection of reactive power to
be dispatched at the generator buses. In this study, a new optimization technique, ICAEP was introduced to
manage voltage control and minimize power losses in power system. The proposed technique was developed and
implemented successfully as the optimization approach in determining the optimum values for sizing of the ORPD
to establish voltage in the first objective and to minimize power losses in the second objective. The proposed
ICAEP technique has shown to be effective in minimizing the power loss in the transmission system and
improving the voltage under various load conditions at bus 29 and 30. The results show that the proposed ICAEP
technique outperforms both the classical EP and classical AIS technique in terms of improving transmission
system voltage as well as minimizing the power losses.
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