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Abstract
Increasing power demand day by day is the primary concern for power system 

practitioners and researchers. Generating a large amount of power through thermal power 
plants is neither economical nor environmentally friendly. The cost of fuel (Coal) is growing 
gradually as the coal reserves are depleting exponentially. Moreover, the government 
is imposing strict environmental guidelines on power-generating utilities. All these 
circumstances restrict the generation of electricity through fossil fuel-based plants. It is of 
most importance to develop for an alternative to fulfill consumers’ economic and clean energy 
demand. Based on it, this paper explains minimization fuel cost along with emission, power 
loss and voltage deviation. Modified competitive swarm optimization (MCSO) algorithm 
is used to determine optimization. The results obtained from the modified competitive 
swarm optimization algorithm are compared with the competitive swarm optimization 
(CSO) algorithm and successive history-based adaptive differential evolution (SHADE-SF) 
algorithm to verify the efficiency of modified competitive swarm optimization. The work is 
executed on a standard IEEE 30 bus system, and MATLAB is used as a simulation platform.

Subject Classification:  Primary 93A30, Secondary 49K15.

Keywords: Fuel cost, Emission, Power loss, Voltage deviation, Optimization, Hybrid power system.

*	E-mail:	naveen.ee18@nitp.ac.in (Corresponding Author)
†	 E-mail:	ramesh@nitp.ac.in

Journal of Information & Optimization Sciences
ISSN  0252-2667 (Print), ISSN  2169-0103 (Online)
Vol. 45 (2024), No. 2,  pp. 545–560
DOI : 10.47974/JIOS-1592

http://www.tarupublications.com
http://dx.doi.org/10.47974/JIOS-1592


546� N. KUMAR AND R. KUMAR

1.  Introduction

Fossil-powered electricity energy production has increased rapidly 
due to fast industrialization, population growth, and improved 
technologies in the last few decades. As per the ongoing 2017 report [1] of 
the International Energy Agency, the entire primary power resource of the 
world has arrived at 162,494 terawatt-hours (TWh) or proportionate to 
13,972 million tons of oil equivalent (Mtoe) and out of which the thermal 
energy represents 80% of it. The graphical presentation of energy sources 
in 1971 and 2017 is provided in Figure 1. 

Figure 1
Estimation of fuel source in 1971 and 2017.

In traditional power system operation, emphasis was only given to 
optimizing the different forms of power generating rate by satisfying the 
operating constraints [2]. Gradually, optimization techniques based on 
intelligence come into the picture. Many researchers have tried to integrate 
wind and solar plants with traditional thermal power plants and develop 
exciting results. The optimization technique, which are mostly used for 
solving  HPS problem are AI-based neural network (ANN) [3] and CI-
based methods like GA [4-5], PSO [6], HS [7], SA [8], DE [24], GSA [25], 
BBO [26] and the nature motivated recent CI methods like BFA [26], ACO 
[27].

2.  Mathematical Presentation

A 30 bus IEEE HPS problem comprised of thermal, solar, and wind 
generators are adapted for study. This asymmetrical tendency of the 
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hybrid power system restrains engineers from the utmost exploitation of 
the renewable sources. 

2.1  Thermal generators fuel cost

Thermal power plant required non-renewable bases like coal, natural 
oil, natural gas. The generated power (MW) from this type of plants is 
directly depend on value of fuel price. Therefore, the associated fuel cost 
($/h) and generated power (MW) can be predicated by following quadratic 
equation as:

2
1 (1)TN

iTotal i i Ti i TiFcost P Pα β γ== + +∑

where TiP  is the power output and ,iα  iβ  and  iγ  are the coefficients of 
the thi  thermal generator. 

2
 

1
 | sin( ( ))| (2)

TN
minimum

i i Ti i Ti i i Ti Ti
i

VPEffect P P a b P Pα β γ
=

= + + + × × −∑

where, ia  and ib  are the valve-point coefficients and minimum
TiP  is the least 

energy generation capacity of the thi  plant. The essential constraints of all 
the thermal generators are given in Table 1

2.2 Direct cost of renewable energies

The direct cost for the thk  wind power is revealed in terms of power 
generated as:

( (3))Wk Wk k WkDcost P u P=

where ku  represents direct cost coefficient of the linked thk  wind mill and 
WkP  represents predictable power from the stated generator. Similarly, the 

direct cost for the thl  solar power plant is specified as: 
( (4))Sl Sl l SlDcost P v P=

where, lv  represents the direct cost coefficient of the connected thl  solar 
Photovoltaic plant and SlP  is output power. 

2.3 Uncertainty cost of renewable energies 

Renewable sources of energies keep changeable nature. When climatic 
condition is favorable, they can generate more than the required and 
during unfavorable climatic condition, they fail to generate the necessary 
power. The primary condition is called an overestimation situation. Hence, 
there is requirement of an isolated energy in standby to encounter the call. 
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The charge of engaging the reserve generators to fulfill the overestimated 
sum is called as reserve cost [13]. Therefore, the reserve cost for the wind-
based plant is as given. 

Reserve cost for overestimation of thk  wind generator is:

 0 (
( )

5)
 ( )

(  ) ( )Wk

Wk Wk Wak RWk Wk Wak
P

RWk Wk Wk W Wk Wk

Rcost P P K P P
K P p f p dp−∫

− = −

=

Reserve cost for overestimation of thl  solar photovoltaic is:

 

( )  ( )
 ( ) [ (  )] (6)

Sl Sl Sal RSl Sl Sal

RSl S Sal Sl Sl Sal Sl

Rcost P P K P P
K f P P P E P P

− = −

= ∗ < ∗ − <

where,  RWkK  and RSlK  are the reserve cost coefficients of the thk  and thl  
wind generator and solar photovoltaic plant respectively. WakP  and SalP  are 
the real obtainable power from the individual power units. Wf  represent 
probability function for the wind. The probability function ( )S Sal Slf P P<  
denotes the probabilities of scarcity situations than the planned power.

Penalty cost for underestimation of thk  wind generator is:

,
 

cos ( )  ( )

)( ( ) 7) (wr k

Wk

Wk Wak Wk PWk Wk Wk
P
PPWk Wk Wk W Wk Wk

P t P P K P P

K P P f p dp∫

− = −

= −

Penalty cost for thl  solar photovoltaic is:
( ) ( )

( ) [ ( ) (8)]
Sl Sal Sl PSl Sal Sl

PSl S Sal Sl Sal Sl Sl

Pcost P P K P P
K f P P E P P P

− = −

= ∗ > ∗ > −

where,  PWkK  and PSlK  are the penalty cost coefficients of the thk  and thl  
windmill and solar photovoltaic plant respectively. WakP  and SalP  are the 
real obtainable power from the individual units. The probability density 
function ( )S Sal Slf P P>  denotes the excess occurrence probabilities than the 
estimated power. (  )Sal SlE P P>  denotes the prospect of existing power 
greater than the planned power for the photovoltaic plant. 

2.4 Emission cost

The power produced from thermal power plants released toxic and 
harmful gases like as xSO  and ,xNO  which pullulate our atmosphere.

( )2
1[( ) 0.01 ] (9)i TiT PN

i i i Ti i Ti iE a b P c P e θδ== + + × +∑

where, , , ,i i i ia b c δ  and iθ  are the coefficients of the thi  thermal based 
generator. 
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Now a day, many countries impose taxes, which is known as carbon 
taxes on thermal based power plants for release of harmful gases in 
atmosphere. Therefore, for encouraging green energy sources, a carbon 
tax factor ( )taxC  imposed on emission of harmful toxic gases to signify 
emission as cost. So, emission cost ($/h) is represented as:

cos  (10)t taxE C E= ∗

2.5 Power loss and voltage deviation

Other essential features in hybrid power planning problem are the 
real system voltage deviation and power loss. The power loss is projected 
as:

2 2
1   2 cos( ) (11)nl nl

j k iLoss jk j k j k jkP G V V V V δ= ≠= + −∑ ∑

where jk j kδ δ δ= −  is the angles change among j and k bus. jkG  is the 
transfer conductance and nl is total number of transmission lines. 

In taken model, voltage variation is the grade of voltage excellence. 
The voltage deviation constraint is measured as an acquisitive distinction 
of voltage of all load buses. It can be expressed as

1( | 1|) (12)
p

NL
pDeviation LV V== −∑

where NL is the total load buses and 
pLV  is the voltage at loss bus.

3.1 Objective functions and study cases

In the present work, for solving IEEE 30 bus hybrid power system, 
eight cases studies are carried out to extend the analysis of the MCSO 
optimization technique. 

Case 1: Minimization of total cost
In this section, hybrid power system accumulates entire cost functions 

of generating is expressed as the sum of the cost functions, which is 
provided as follows.

1

1

1

{ ( )
[ ( ) ( ) ( )]
[ ( ) ( ) ( )]} (13)

W

S

T T
N
k Wk Wk Wk Wk Wak Wk Wak Wk
N
l Sl Sl Sl Sl Sal Sl Sal Sl

F Minimum Fcost P
Dcost P Rcost P P Pcost P P
Dcost P Rcost P P Pcost P P

=

=

=

+ + − + −∑

+ + − + −∑

Here, WN  and SN  signify the quantities of wind and solar based 
plants respectively. 
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Case 2: Minimization of fuel cost with valve point effect
The valve point effect needs to be reflected in the fuel cost. Hence, the 

objective of this case is to minimize the producing fuel cost bearing in 
mind the valve point effect, which is expressed as follows.

2 1 (  ) (14)F Minimum F VPEffect= +

Case 3: Minimization of power loss
The occurrence of usual resistance in the transmission lines makes it 

hard to neglect transmission losses altogether. So, this case reflects 
diminishing the actual power loss (in MW) described as follows. 

3  ( ) (15)LossF Minimum P=

Case 4: Minimization of voltage deviation 
In order to retain the voltage quality and security under limit in the 

HPS, it is important to regulator the voltage deviations. Hence, the 
cumulative distinction of all the load buses voltages needs to be minimized. 
So, the objective of this case study given as follow.

4  ( ) (16)DeviationF Minimum V=

Case 5: Minimization of the total cost with the addition of emission cost
Recently, now a day many developed countries have imposed taxes 

on emission of greenhouse gases to avoid global warming. So, to encourage 
production of green energies like hydro, wind, solar, the carbon tax factor 
( )taxC  is imposed on individual unit of toxic gasses production. Hence, the 
objective of this case study given as follows.

5 1  ( ) (17)taxF Minimum F C E= + ∗

Case 6: Minimization of total cost with power loss
In this case, the power loss and cost are converted into a single 

objective by multiplying appropriate weight factor ( 40) pλ =  available in 
the literature [6]. Hence, the goal of this case is to discover the finest results 
for both objectives at the same time, which is given as follows.

6 1(   ) (18)p LossF Minimum F Pλ= ×
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Case 7: Minimization of total cost with voltage deviation
In this case, objective is to minimize the cost of the fuel as well as the 

collective voltage deviation simultaneously. Therefore, the aim for this 
case is to designed with the help of a appropriate weight value ( 100)VDλ =  
available in the literature [14,15]. The objective function is given as follows.

7 1 (  ) (19)VD DeviationF Minimum F Vλ= + ×

Case 8: Minimization of total fuel cost with emission, voltage deviation 
and power loss

This case study associates all the 4 prime aims at once for assessing 
the global outcome. Hence, the objective function is formed by taking 
suitable weights ( , , ) E VD Pλ λ λ  available in the literature [14]. The objective 
function is described as follows.

8 1(        ) (20)E VD Deviation P LossF Minimum F E V Pλ λ λ= + × + × + ×

4.  Optimization algorithm and application

The CSO is a swarm-based metaheuristic algorithm introduced by 
Cheng and Jin [16]. The technique is inspired by the behavior of birds, 
ants, and fishes. The enhanced accuracy in the solution excellence and 
greater rate of convergence steadiness needed to be spoken. Hence, a 
modified CSO (MCSO) was projected in [19] to upgrade two-thirds of the 
swarm members in place of 50% of the swarm members in the CSO 
algorithm. The modernized technique of MCSO allows a tri-competitive 
scenario in each iteration. This minor modification in CSO marks a massive 
variance in the solution superiority. This tri-competitive tool of the MCSO 
and the update process of losers are presented in Figure 2 and Figure 3.

Figure 2
The pair-wise competition scheme in MCSO 
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MCSO Algorithm 

Figure 3
Flowchart of the MCSO algorithm. 

5.  Case Studies

In this section, the MCSO, CSO, and the SHADE-SF algorithm are 
implemented to get the finest fitness result for all the eight cases. Table 1 
(a) and Table 1 (b) give the best fitness values, parameters and control 
variables. Case 1 stands for optimum fuel cost, and from Case 1, it is 
perceived that the fuel cost is 781.8465, 782.37829 $/h, and 782.6638 $/h 
for MCSO, CSO, and SHADE-SF algorithm respectively. The MCSO 
algorithm can provide a better fuel cost value than the CSO and SHADE-SF 
algorithms by accomplishing all the inequality and equality equations. 
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The valve point effect is accepted in Case 2 to sign an upsurge in cost than 
Case 1 for all the algorithms. Though, the sovereignty of the MCSO 
algorithm remains unaffected. Case 3 reflects the routine of all the 
algorithms in terms of actual power losses. The real power loss for the 
algorithms MCSO, CSO, and SHADE-SF are 2.0754 MW, 2.07682W, and 
2.1037 MW, respectively. Power loss is an essential factor for optimal power 
flow problems. The MCSO algorithm’s performance cannot be disregarded 
with respect to the CSO and SHADE-SF algorithms. The voltage deviation 
limitation studied in case 4 achieves comparable results as 0.37523, 0.37576, 
and 0.37577 for the SHADE-SF, CSO, and MCSO.

Last four cases studies are based on multi-objective situations. Case 5 
signifies the minimization of the cost of the fuel together with the addition 
of cost due to emission. The present reflection with MCSO shows a healthy 
and improved cost of 810.6560 $/h than the cost of 810.7148 $/h and 
811.15413 $/h of the CSO and SHADE-SF algorithms, respectively. Its 
efforts to offer the optimal result for both objectives. Case 6 to case 8 are 
the other multi-objective cases of the considered problem. Case 6 and 7 
reflect fuel cost and power loss and voltage deviation, while case 8 reflects 
all the four prime aims fuel cost, power loss, emission, and voltage 
variation at the same time. The MCSO algorithm’s outcome is far better 
than the CSO and SHADE-SF algorithms for all these multi-objective 
cases. It can be observed from the above analysis that the results of the 
MCSO algorithm are promising and encouraging in all the 8 cases which 
are taken into consideration. The convergence graphs of eight case studies 
are drawn in Figure 4, which also confirm the superiority of the MCSO 
algorithm in all the cases.

5.1  Statistical analysis

The t test−  is performed on mean and standard deviation of MCSO, 
CSO and SHADE -SF algorithms, the value is mentioned in Table 2. It is 
clear from Table 2 that value of MCSO algorithm is better then CSO and 
SHADE-SF algorithms.
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6.  Variations in voltage deviations

For establishing security and keeping voltage quality, constraints are 
very essential in HPS. It is usual nature that the operating voltage lie closer 
to the boundary limit. In the present work, load bus voltage are maintained 
between 0.95 p.u to 1.05 p.u. to fulfill both the objectives of voltage quality 
and security. Figure 5 show the variation of voltage quality by keeping 
voltage limitation. It is clearly sheen from the figure that voltage pf each 
bus falls inside the recommended limits. 

Figure 5
Voltage distribution of load bus

Conclusions

This paper proposed MCSO algorithm for finding optimal power 
flow solution with multi objective function incorporating stochastic wind 
and solar photovoltaic power sources. Uncertain underestimation and 
overestimation situation of renewable energies sources are also addressed 
with different measures such as penalty and reserve cost. In this work, 
eight case studies are considered. The first four case studies undergo 
single objective function, which refers total fuel cost minimization, fuel 
cost minimization with valve point effect, power loss minimization and 
voltage deviation minimization. The last four case studies undergo multi 
objective function, which refers fuel cost with emission minimization, fuel 
cost with voltage deviation minimization and fuel cost with emission, 
power loss and voltage deviation minimization. These objective functions 
are optimized using modified competitive swarm optimization and the 
results are compared with CSO and SHADE-SF. Rigorous statical analysis 
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has been accomplished for different case studies and the outcome suggest 
that MCSO dominants over CSO and SHADE-SF, thereby keeping its 
efficiency in solving complex nonlinear optimization problems. 
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