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This paper presents a newly developed hybrid optimization algorithm for solving the problem of
Economic Dispatch (ED) for a multi-generator system. The hybrid algorithm named ACO–ABC–HS com-
bines the framework of Ant Colony Optimization (ACO), Artificial Bee Colony (ABC) and Harmonic
Search (HS) algorithms to find the optimized solution for the system. The ACO algorithm is used to find
the initial solution set, the ABC algorithm is employed to test and improve each of the probable solutions
provided by the ACO module, while the HS module is used to discard the inferior solutions from the
solution set and replace them with better ones. The performance of this hybrid algorithm is compared
with those of conventional ED solving techniques like Gradient Search as well as other evolutionary algo-
rithms namely ABC, ACO, HS and Particle Swarm Optimization (PSO). Valve point loading, environmental
emissions, line losses and ramping rate constraints have been included in the ED analysis to provide more
practical results. The algorithm’s performance is also tested for Multi-Area Economic Dispatch (MAED)
with tie-line constraints. The results obtained clearly point out the superiority of the hybrid algorithm
in finding out the optimum results, while satisfying the constraints of minimizing the generation costs,
reducing the emissions as well as tie-line costs and transmission losses.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

Economic Dispatch (ED) is one of the central features of energy
generation and distribution these days. With the demand for
energy and the cost of fuel (for running the generators) both
increasing monotonically, it has become increasingly important
to find ways to reduce the cost of generation of energy. Economic
Dispatch involves finding out the optimized load schedule for the
generators in a power system in order to satisfy the entire power
demand while incurring the minimum possible generation cost
[1,2]. As a result, mathematical optimization techniques which
can account for the characteristic cost function curves of generat-
ing units are required to be formulated and applied for finding
the optimal load allocation.

The cost function of generators can be simply approximated by
a second order non-linear function which is monotonically increas-
ing in nature. However, such a simple cost function does not prop-
erly model the actual behavior of the generator which involves
constraints like valve-point loading and multiple fuel usage [3].
Valve-point loading introduces ripples into the cost function
causing multiple local minima to occur [4]. Prohibited zones of
operation make the cost function discontinuous. In addition to this,
constraints such as ramp rate limits, transmission line losses and
tie line power distribution effects should be considered for closely
estimating actual generator behavior [4–6]. However, these con-
straints make the task of Economic Dispatch even more complex.
Nowadays, due to increasing concern about the environment, the
noxious gases emitted from the generators by burning fuels are
also being taken into account in the cost function [6]. As a result,
the optimization problem in Economic Dispatch consists of multi-
ple goals. The task is to find a load allocation for the generator set
such that both the generation costs as well as the emissions are
considerably reduced.

A number of classical optimization techniques like Linear Pro-
gramming (LP) [7], Homogeneous Linear Programming (HLP) [8],
Gradient Search algorithm [9], Lambda Iteration method [10], Pat-
tern Search (PS) method [11], Quadratic Programming (QP) method
[12] and Sequential Quadratic Programming, method of Lagrangian
Multipliers [13] and Non-Linear Programming (NLP) [14] have
been applied to solve Economic Dispatch problems. The major
problem with these classical optimization techniques is that the
final solution returned by them is highly dependent on the position
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of the starting point, which may lead to the problem of trapping in
local minima for highly non-linear cost functions [15,16]. The dis-
continuous nature of the cost function also severely impacts the
performance of NLP. Although the Dynamic Programming (DP)
Technique can handle discontinuous non-linear cost functions
[17], the dimensionality of the optimization problem is a serious
concern for it [26].

Due to the limitations of the classical techniques, an increased
emphasis is now being given to techniques possessing artificial
intelligence. Artificial Neural Networks (ANN) has been success-
fully applied to solve the Economic Dispatch problem along with
the practical constraints such as ramp rate limits, prohibited zones
and tie lines [18]. However, a major drawback of this technique is
that it is system specific. If the method is to be applied to some dif-
ferent power system, the network needs to be properly tuned by
training which takes a long time. In [19], a Riemannian subgradient
algorithm with valve point effect is considered. Han et al. [20] have
proposed two new solution methods for Dynamic Economic
Dispatch. Global optimization techniques such as Genetic
Algorithm (GA) [21], Tabu Search (TS) [22], Gravitational Search
Algorithm [23], Bio-geography based Optimization [24] and
Simulated Annealing (SA) [25] have also been used for this
purpose. However, these techniques have some drawbacks regard-
ing their ability to converge toward the final solution which has
limited their usage.

The application of Evolutionary Algorithms (EA), which emulate
the behavior of swarms, to Economic Dispatch has recently gained
much attention. Ant Colony Optimization (ACO) [26], Artificial Bee
Colony (ABC) optimization [27] and Particle Swarm Optimization
(PSO) [5,28,6] are some such techniques which have been
successfully applied to Economic Dispatch problems. Another
meta-heuristic technique called the Harmonic Search (HS)
algorithm has also been used extensively in this regard [29,30].
The Harmonic Search algorithm is inspired from the technique
musicians use to modify tones in order to create a new harmony.
The main advantages of these algorithms is that they are search
the entire solution space for the best solution and as a result are
free from getting trapped in a local minimum and are also able
to differentiate between solutions based on their quality.
These algorithms are also independent of the nature of the function
(they are not concerned with the gradient of the function) allowing
their performance to be unaffected by the occurrence of
discontinuities in the cost function as compared to the classical
optimization techniques. Recently, a number of hybrid methods
have been proposed which include the advantages of several inde-
pendent algorithms into a single framework to provide better
results [3,31,32].

In this paper, a hybrid method is proposed for dealing with the
problem of Economic Dispatch. The method is an amalgamation of
three EA’s namely ACO, ABC and HS and is named the Hybrid ACO–
ABC–HS algorithm. The algorithm’s performance is tested for a ten
generator system, accounting for all practical constraints such as
valve point loading, environmental emission levels, prohibited
zones, transmission losses and tie line considerations. The results
provided by the hybrid algorithm are compared with those
obtained by using other heuristic techniques namely ABC, ACO,
HS and PSO and the classical optimization technique of Gradient
Ascent/Descent Optimization.
Economic Dispatch

Economic Dispatch is concerned with finding out the optimum
load allocation to the generators in a thermal power system, which
reduces the total fuel cost to the least possible value. In order to
find the total fuel cost associated with the power system, we need
to consider the fuel cost function of each generator. For simplicity,
the fuel cost function of a generator may be considered as a smooth
second order quadratic function of the power generated by the
generator, having the form:

CðPGi
Þ ¼ aiP

2
Gi
þ biPGi

þ ci ð1Þ
However, such a cost function cannot be considered for practi-

cal cases. Thermal generators generally use steam turbines which
suffer from valve point loading effects arising due to the sequential
opening of steam valves. When these effects are taken into
account, the cost function of the generator ceases to be linear
and exhibits ripples of a rectified sinusoidal nature. The modified
fuel cost function is modeled as follows:

CðPGi
Þ ¼ aiP

2
Gi
þ biPGi

þ ci þ ei sin f iðPMin
Gi

� PGi
Þ

� ���� ��� ð2Þ

There are also a number of constraints which have to be taken
into account when solving the problem of Economic Dispatch for
multi-generator systems.

1. Environmental emissions: A major problem with thermal
generators is the amount of noxious gases they emit into
the atmosphere as a result of burning fuels. With growing
concern about the environment, it becomes increasingly
important to limit the emission of greenhouse gases, partic-
ularly NO2. The amount of gaseous waste emitted by the
generator depends directly on the power generated by it
and can be estimated quite accurately by a second order
quadratic equation which can be given as follows:
EðPGi
Þ ¼ aeiP

2
Gi
þ beiPGi

þ cei ð3Þ

2. Transmission losses: The total transmission loss is an impor-

tant constraint of the Economic Dispatch problem. Not only
is it desired that the losses incurred in the system be mini-
mized along with the total fuel cost, but the system must
also generate enough power to satisfy the load demand as
well as to compensate for the transmission losses. The total
losses in the system can be computed using the following
relation:
PL ¼ PT
GBijPG þ BioPG þ Boo ð4Þ

PG ¼ ½PG1PG2PG3PG4 . . . . . . . . . . . . PGn �T ð5Þ
The power supplied by the individual generator units are
combined to form a column vector represented by PG. This
column vector is used to calculate the total transmission
losses.
The power generated by the entire system of generatorsmust
be equal to the sum of the total power demand and the losses
incurred inside the system and due to transmission.

Xn
i¼1

PGi
¼ PD þ PL ð6Þ

If the total power generated by the system (after taking
losses into consideration) is not equal to the total power
demand, the system will be unbalanced and this can
seriously affect the grid voltage and frequency. Therefore,
the cost function for the thermal power system after taking
into consideration all the above mentioned constraints is
given as:

FðPGÞ¼
Xn
i¼1

CðPGi
Þþl1

Xn
i¼1

EðPGi
Þ

 !
þl2

Xn
i¼1

PGi
�ðPDþPLÞ

 !2

ð7Þ
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where l1 and l2 are the weight factors which determine the
contribution of the emissions constraint and the load bal-
ance constraints to the cost function respectively. These
two additional terms in the cost function serve as penalty
factors which penalize a candidate solution if it does not sat-
isfy the aforementioned constraints.

3. Region of operation: Every thermal generator has a specified
range within which its operation is stable. Therefore, it is
desired that the generators be run within this range in order
to maintain system stability.
PMin
Gi

6 PGi
6 PMax

Gi
ð8Þ
4. Prohibited zones: There may be zones of operation within
the specified range wherein the system may lose stability.
These are termed as prohibited zones and in practical oper-
ation; these regions are usually avoided during generation.
PGi
2

PMin
Gi

6 PGi
6 Pl

Gi;1
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Gi;1

6 PGi
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where Pu
Gi;n

and Pl
Gi;n

denote the upper and lower limits of the

nth prohibited zone. The prohibited zones make the cost
function discontinuous in nature.

5. Generator ramping rates: For any sudden change in the load,
generators increase or decrease their supply in order to
reduce the power mismatch to zero. However, the genera-
tors can change their power supply only at a certain rate
determined by the up-ramping and down-ramping rate. If
a generator is operating at a specific point, then its point
of operation can be changed only up to a certain limit deter-
mined by the ramping rate. Therefore, for closely approxi-
mating the practical case, the ramp rate limits also need to
be taken into consideration when dealing with problem of
Economic Dispatch.
For increase in generation:
PGi
þ DPGi

6 min PGi
þ URi; P

Max
Gi

� �
ð10Þ

For decrease in generation:

PGi
� DPGi

P max PGi
� DRi; P

Min
Gi

� �
ð11Þ

6. Transmission line flow limits: When considering the Multi-
Area Economic Dispatch (MAED) problem, we have to con-
trol the amount of power flowing from one area to another.
This is because the transmission lines have a specific power
carrying capacity. Exceeding these limits may prove detri-
mental to the system. The above mentioned requirement
can be framed as an inequality constraint.
Fig. 1. Fuel cost curve representation with and without valve point loading effects.
PLinei 6 PLinemax ; i ¼ 1;2; . . . . . . ;nL ð12Þ
where nL is the number of transmission lines.

Proposed algorithm

A new hybrid algorithm is presented in this paper for the pur-
pose of Economic Dispatch. This hybrid algorithm capable of find-
ing the optimal generator allocation for a thermal power system,
taking into account all the practical constraints as discussed above
(see Fig. 1). The proposed hybrid algorithm was formulated by
amalgamating the features of three heuristic algorithms namely
the Ant Colony Optimization (ACO), the Artificial Bee Colony
(ABC) optimization and the Harmony Search (HS) optimization.
Hence, Hybrid ACO–ABC–HS has been chosen as the name of the
proposed algorithm. Due to limitations of the length of the paper,
only the detailed analysis of the proposed algorithm has been
provided.

The first step involved in implementing the Hybrid ACO–ABC–
HS algorithm is to initialize the solution set such that the candidate
solutions are spread over the entire search space. The solutions are
initialized in a way similar to that adopted in the ACO algorithm.
The generators are given a random load allocation which lies
within their operating limits and avoids the prohibited zones.
The generators are selected at random and a part of the total
demand is assigned to them. If the total demand is satisfied by
loading a few generators (taking losses into consideration), the rest
are left unloaded, thus saving fuel as well as reducing the total cost
incurred. The load allocated to be handled by a generator is
decided by using Eq. (13).

PGi
¼ Pmin

Gi
þ£ðPmax

Gi
� Pmin

Gi
Þ ð13Þ

£ is random number between 0 and 1 [33]. Once the candidate
solutions are produced, the execution of the main algorithm is ini-
tiated with makes use of the Employed and Onlooker Bees concept
of the ABC algorithm [34]. First, the employed bees visit all the can-
didate solutions produced earlier and evaluate their fitness. Next
they search the neighborhood of the candidate solution to look
for better solutions. The employed bees update their position using
the following equation:

xnewi;j ¼ xoldi;j þu xk;j � xoldi;j

� �
ð14Þ

where i denotes the ith solution among all the candidates and xk
is a randomly selected solution (k – i). j denotes one random
dimension selected out of the possible D dimensions. u is a ran-
dom number ranging between �1 and 1. If the new solution pro-
duced satisfies all the constraints mentioned in the previous
section and is better than the solution with the worst fitness
value present among the candidate solutions, the new solution
replaces that solution. This technique of solution update is the
same as that followed in the Harmonic Search (HS) algorithm
[35].

Next, the probability of selection of the solutions by the
Onlooker Bees has to be determined. For this purpose, the
Pheromone deposition Technique of the ACO algorithm is
selected. The amount of pheromone assigned to one solution
is directly dependent on its fitness and is given by the follow-
ing equation:
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pk
i ¼

ðsai Þðgb
i ÞPn

i¼1ðsai Þðgb
i Þ

ð15Þ

Here si denotes the amount of pheromone assigned to the ith solu-
tion and gi is a value related to the fitness of the ith solution (mostly
taken as the inverse of the solution’s fitness). a and b are constants
which decide the contribution of the above two factors to the prob-
ability of selection. The pheromone values are updated every itera-
tion in a manner similar to that followed in the ACO algorithm. A
solution having a higher probability of selection is more likely to
be selected by the Onlooker Bees, which in turn improve them by
using the same update Eq. (14) as used by the Employed Bees.
The improved solutions again replace the worst solution among
all the candidate solutions, provided they satisfy all the necessary
constraints.

If a solution cannot be improved any further, then it is discarded
and a new solution is selected from the search space, using the
same technique (13) as described earlier to initialize the candidate
solutions. This generation of new solutions to replace obsolete
ones mimics the functioning of Scout Bees in the ABC algorithm.
This entire process is repeated for the specified number of itera-
tions after which the algorithm returns the best solution found
by it over the entire duration of its execution. The entire process
is presented in the form of a flowchart in Fig. 3.

System description

A ten generator system is considered for testing the perfor-
mance of the proposed algorithm. The fuel cost function coeffi-
cients (including valve point loading effects), emission level
function coefficients as well as the operable region of the genera-
tors are given in Table 1.

For the ten generator system, it is considered that five of them
have prohibited zones within their region of operation. The prohib-
ited zones of these five generators are mentioned in Table 2.

The transmission line loss coefficient matrices for the ten gener-
ator system are given as follows:
Bij ¼ 0:01 �

0:0008 0:0009 0:0015 0:0013 0:0012 0 0 0:0007 0:0006 0:0011
0:0004 0:0021 0:0018 0:0005 0:0007 0:0010 0:0013 0:0008 0:0001 0:0016
0:0004 0:0017 0:0015 0:0005 0:0006 0:0011 0:0007 0:0003 0:0004 0:0007
0:0005 0:0021 0:0008 0:0009 0:0009 0:0017 0:0015 0:0009 0 0:0023
0:0007 0 0:0008 0:0005 0:0003 0 0:0014 0:0009 0:0019 0
0:0014 0:0006 0 0:0006 0:0009 0:0011 0:0001 0:0005 0 0:0003

0 0:0001 0:0010 0:0005 0:0006 0:0015 0:0012 0:0018 0:0004 0:0005
0:0017 0:0013 0:0008 0:0016 0:0019 0:0008 0:0015 0:0018 0:0014 0:0006
0:0007 0:0001 0:0019 0:0011 0:0008 0:0012 0:0006 0:0018 0:0022 0:0003
0:0007 0:0010 0:0016 0:0014 0:0005 0:0013 0:0007 0:0008 0:0003 0:0012

2
6666666666666666664

3
7777777777777777775

Bio ¼ 0:001 � 0:287 0:012 0:0896 0:1471 0:0087 0:3121 0:233 0:1123 0:0912 0:1121½ �

Boo ¼ 0:038
For evaluating the performance of the proposed algorithm for a
Multi Area Economic Dispatch problem, the same generator set
was divided into three separate local generation areas connected
to each other via tie lines. A diagrammatic elucidation of the multi
area system is given in Fig. 2. Generators #1, #2 and #3 make up
Local Area 1. Local Area 2 comprises of Generators #4 to #7 while
Generators #8, #9 and #10 form Local Area 3. Each of these local
areas is connected to the others by tie lines.

Simulation results

A number of case studies were conducted to validate the supe-
rior performance of the proposed ACO–ABC–HS algorithm in solv-
ing optimization problems related to Economic Dispatch with non-
smooth cost functions. The results provided by the proposed algo-
rithm were compared with other meta-heuristic algorithms which
have been used widely for solving Economic Dispatch problems,
namely ABC, ACO, HS and PSO and the classical Gradient Search
method. Simulations have been conducted for cases involving Iso-
lated Power Systems and Interconnected Power Systems. All simu-
lations were conducted in MATLAB on a 2.1 GHz Intel Core i7
processor with 8 GB RAM. The results provided are an average of
50 independent runs to account for the variations in the results
provided by the stochastic algorithms.

Single Area Economic Dispatch (Isolated Power System)

The simulation results obtained for an Isolated Power System
consisting of ten generators are presented first. The simulations
have been performed for three different cases of load demand.
All the algorithms have been run for 200 iterations and the results
obtained over 50 test runs have been averaged to provide the final
result. In order to provide a fair comparison of the algorithms’ per-
formances, the same initial solution set has been used by all the
algorithms as the starting reference.

i. Case-I: The optimal dispatch was first determined for the
case when the system had to handle a load of 300 MW.
The averaged results obtained by applying all the aforemen-
tioned algorithms are presented in the table below (see
Table 3).
From the results, it is evident that the hybrid algorithm pro-
vides the optimal dispatch schedule, ensuring minimum
fuel cost. Although the dispatch obtained by using the PSO
algorithm provides the lowest emissions and that provided
by the Gradient Search method give the least line losses, the



Table 1
Fuel Cost Function coefficients, Emissions coefficients and Operating ranges of the generators.

Generator unit ai bi ci ei fi aei bei cei PMAX (MW) PMIN (MW)

1 0.591 21.34 45.781 54.63 0.031 0.0075 0.121 13.561 100 12.5
2 0.561 11.45 89.234 31.24 0.04 0.00432 0.233 19.256 100 13
3 0.34 21.67 56.783 63.37 0.087 0.00116 0.137 16.096 100 10
4 0.2533 9.013 109.6 89.45 0.012 0.0064 0.343 19.437 120 15
5 0.0864 7.09 77.345 56.12 0.008 0.00453 0.149 17.674 125 12
6 0.081 17 125 45.29 0.076 0.0018 0.126 25.631 125 14
7 0.08 12.34 90.4 73.63 0.036 0.0083 0.181 19.442 130 20
8 0.074 27.89 157.43 61.90 0.009 0.0015 0.209 27.431 135 25
9 0.0471 16.5 88.56 49.14 0.057 0.0023 0.151 18.462 150 17.5

10 0.025 13.5 134 65.87 0.078 0.0034 0.115 13.412 150 20

Table 2
Prohibited zones of operation.

Generator unit Prohibited zones (MW)

Zone 1 Zone 2

1 [50 58] None
4 [60 70] [95 107]
6 [36 43] [100 109]
7 [115 120] None

10 [52 58] [121 130]

Fig. 2. Diagrammatic depiction of the interconnected power system used for
conducting the simulations for Multi-Area Economic Dispatch.
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cost incurred for these dispatches, especially the total cost
which takes into account the fuel cost, the emissions, the
transmission losses and surplus power generation, is extre-
mely high. Among the others, the hybrid algorithm provides
the best overall result. The total power supply is the lowest
for the hybrid algorithm. It can also be noted that the algo-
rithms have been framed in such a way that they can decide
which generators can be left unloaded, thus helping to
reduce the total cost.

ii. Case-II: The same system was required to satisfy a load
demand of 500 MW and the optimal dispatch results are
presented in Table 4.
It can be noticed from the results that the hybrid algorithm
again provides the most Economic Dispatch. The losses for
the dispatch obtained by ABC and Gradient Search are
lower, but the total cost incurred for these cases are higher.

iii. Case-III: Another simulation was also carried out for the case
when the system had to handle a load of 700 MW. The
results are provided in Table 5. The results show that the
hybrid algorithm again provides the most Economic Dis-
patch. Thus, it is proven that the hybrid algorithm is indeed
better than the other algorithms discussed for finding the
optimal dispatch for an Isolated Power System.

Multi-Area Economic Dispatch (Interconnected Power Systems)

To test the robustness of the proposed algorithm, it was applied
for solving the Economic Dispatch problem for multiple supply
areas connected to each other via tie lines. In MAED problems, each
area needs to satisfy its own individual demand in addition to the
total power demand. The ten generator system presented earlier is
now divided into 3 separate areas, Area #1 having Generators #1,
#2 and #3, Area #2 having Generators #4, #5, #6 and #7 and Area
#3 possessing the rest. In these cases, tie line considerations and
line capacity limits are also to be taken into account. For the cases
presented, the line capacity has been taken to be 100 MW for all tie
lines and all tie lines have equal cost coefficients. Comparisons
have also been made with the same algorithms which had been
used for the Single Area case. The results present the average of
50 independent trials with each algorithm being run for 200
iterations.
i. Case-I: A demand of 450 MWwas placed on the system with
Area #1 requiring 100 MW, Area #2 requiring 200 MW and
Area #3 having a demand of 150 MW. The emissions, trans-
mission losses, fuel costs and total costs are presented along
with the results in Table 6. The results suggest that not only
does the hybrid algorithm provide the most optimal dis-
patch; it is also able to satisfy the demands of each area sat-
isfactorily. The hybrid algorithm is also able to recognize the
generator which can be left unloaded in order to decrease
fuel costs.

ii. Case-II: Next, the system was subjected to a total demand of
600 MW with the individual demands of Areas #1, #2 and
#3 being 150 MW, 225 MW and 225 MW. The results are
provided in Table 7, which again prove that the hybrid algo-
rithm generates the most Economic Dispatch for this case
too. Although the PSO and Gradient Descent algorithms are
able to produce dispatches wherein the emissions are lower,
their cost efficiency is not comparable to the results gener-
ated by the other algorithms. Another point to be noted is
that the classical Gradient Search method fails miserably
to satisfy the demands of individual areas, thereby highlight-
ing the limitations of classical algorithms for MAED
problems.

iii. Case-III: For the final test case, the system was required to
satisfy a demand of 800 MW with 200 MW, 325 MW and
275 MW being the individual area demands. The results in
Table 8 again suggest the superiority of the Hybrid ABC–
ACO–HS algorithm over the others in finding the optimal
dispatch.



Fig. 3. Flowchart describing the sequence of execution of the proposed algorithm.
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Table 3
Optimal dispatch results for a load demand of 300 MW.

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.

Table 4
Optimal dispatch results for a load demand of 500 MW.

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.

Table 5
Optimal dispatch results for a load demand of 700 MW.

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.
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Table 6
Optimal dispatch results for a load demand of 450 MW (Area 1: 100 MW, Area 2: 200 MW, Area 3: 150 MW).

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.

Table 7
Optimal dispatch results for a load demand of 600 MW (Area 1: 150 MW, Area 2: 225 MW, Area 3: 225 MW).

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.
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Convergence rate and execution time comparison

A separate test was conducted to compare the rate of conver-
gence of the algorithms and to measure the time taken by them
to converge toward their optimal solutions. The test conducted
was for a four area interconnected system with Generators #1
and #8 making up Area 1, Generators #2, #3 and #7 in Area 2, Gen-
erators #5, #6 and #10 in Area 3 and the rest in Area 4. The total
load demand was set as 500 MW with individual Area demands
being 100 MW, 125 MW, 175 MW and 100 MW. The test was run
for 100 iterations and the convergence characteristics are pre-
sented in Fig. 4. The Cumulative (Total) Cost signifies the total cost
incurred including emissions, transmission losses and tie line con-
straints averaged over 50 separate trials for the same case.

The results show that the proposed hybrid algorithm is the fast-
est in converging to its final solution and also provides the most
Economic Dispatch for the system. Although the result given by
the HS and ABC algorithms are comparable in quality, both algo-
rithms require a greater number of iterations to converge to their
final solution. The HS algorithm is the fastest among the other
algorithms to converge to the final solution; however, it takes
almost 3 times more number of iterations as compared to the pro-
posed algorithm. The HS algorithm converges to the final solution
in 61 iterations whereas the hybrid algorithm takes 22 iterations to
reach the final solution. The results thus prove the faster conver-
gence characteristics of the proposed algorithm.

Fig. 5 presents a graph of the average time taken by each algo-
rithm to converge to their final solutions. The graph shows that the
Hybrid ACO–ABC–HS algorithm takes the most time to execute.
This is justified because it is the amalgamation of three indepen-
dent optimization algorithms which themselves take a consider-
able amount of time to execute. However, considering the fast



Table 8
Optimal dispatch results for a load demand of 800 MW (Area 1: 200 MW, Area 2: 325 MW, Area 3: 275 MW).

Bold and shaded values in signify the results provided by the proposed Hybrid algorithm.

Fig. 4. Rate of convergence of the algorithms when finding the Economic Dispatch for a multi-area interconnected power system.

35.6 32.5 33.7

43.8

23.6 26.9

ACO ABC HS ACO-ABC-HS PSO Gradient
Search

Algorithm Execution Times

Time Taken (in seconds) 

Fig. 5. Graph depicting the average time taken by algorithms (in seconds) to
complete execution of 100 iterations.
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convergence of the proposed algorithm and the better quality of
solution produced by it, the slightly higher execution time of the
algorithm is more than compensated. The PSO and Gradient Search
algorithms take the least amount of time to complete execution.
However, the quality of their final solutions is not comparable to
that of the proposed method.

The main motive of the proposed optimization algorithm is to
reach the best final solution in the minimum possible time.
Although Fig. 5 shows that the proposed hybrid algorithm takes
the longest amount of time to execute, it should be noted that
the data provided is for a standard of 100 iterations. From Fig. 4,
it is also clear that the proposed algorithm requires the least num-
ber of iterations to converge to the final solution. Combining the
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two sets of information obtained from Figs. 4 and 5, we find that
the hybrid algorithm takes the least amount of time to converge
to the final solution. Through straightforward calculations, it can
be found out that the hybrid algorithm takes around 9.636 s (time
taken to execute 22 iterations) to converge to the final solution. All
other algorithms require a much longer time to reach their respec-
tive solutions.

Another striking factor about the hybrid algorithm is the quality
of solutions provided by it. The hybrid algorithm is able to provide
a dispatch schedule which is the most economic, while reducing
emissions and line losses to a bare minimum. The other algorithms
are able to provide similar solutions for a Single Area Economic
Dispatch problem. However, in Multi-Area Economic Dispatch
problem, the conventional algorithms, especially the PSO and the
Gradient Descent algorithms, face problems with satisfying the
demand of each individual area in addition to providing the most
Economic Dispatch. The hybrid algorithm is effectively able to mit-
igate this problem as can be seen through the simulation results.

Conclusion

This paper presents a new hybrid algorithm to solve the prob-
lem of Economic Dispatch. The algorithm is an amalgamation of
three well known meta-heuristic algorithms namely the ACO,
ABC and HS and hence it is named the ACO–ABC–HS algorithm.
Several tests were conducted for different power system configura-
tions in order to test the effectiveness of the proposed algorithm.
Constraints such as valve point loading effects, environmental
emissions, transmission line losses, ramp rate limits, prohibited
zones, tie line considerations and line capacities have been consid-
ered in order to emulate practical conditions for the system. The
results obtained by the application of the proposed algorithm indi-
cate that it is indeed very successful in tracking and finding the
optimal dispatch. The results provided by the hybrid algorithm
have also been compared with those provided by other meta-
heuristic and classical algorithms in order to validate its better per-
formance. A comparative analysis reveals the superior quality of
the solutions provided by the hybrid algorithm in addition to other
advantageous features like fast convergence rate, ability to handle
discontinuous cost functions and the like. The algorithm works
perfectly for isolated as well as Interconnected Power Systems,
thereby ensuring compatibility to handle any power system
configuration.

References

[1] Fesanghary M, Ardehali MM. A novel meta-heuristic optimization
methodology for solving various types of economic dispatch problem.
Energy 2009;34(6):757–66.

[2] Hou YH, Lu LJ, Xiong XY, Wu YW. Economic dispatch of power systems based
on the modified particle swarm optimization algorithm. In: Transmission and
distribution conference and exhibition: Asia and pacific, IEEE/PES. IEEE; 2005.
p. 1–6.

[3] Subathra MSP, Selvan SE, Victoire T, Amato U. A hybrid with cross-entropy
method and sequential quadratic programming to solve economic load
dispatch problem. Syst J, IEEE 2014;9(3). September 2015.

[4] Alsumait JS, Sykulski JK. Solving economic dispatch problem using hybrid GA–
PS–SQP method. In: EUROCON 2009. IEEE; 2009. p. 333–8.

[5] Gaing ZL. Particle swarm optimization to solving the economic dispatch
considering the generator constraints. IEEE Trans Power Syst 2003;18
(3):1187–95.

[6] Singh N, Kumar Y. Economic load dispatch with environmental emission using
MRPSO. In: IEEE 3rd international advance computing conference (IACC). IEEE;
2013. p. 995–9. February.

[7] Ashfaq A, Khan AZ. Optimization of economic load dispatch problem by linear
programming modified methodology. In: 2nd International conference on
emerging trends in engineering and technology (ICETET’2014), May 30–31,
London (UK); 2014.
[8] Jabr R, Coonick AH, Cory BJ. A homogeneous linear programming algorithm for
the security constrained economic dispatch problem. IEEE Trans Power Syst
2000;15(3):930–6.

[9] Chen CL, Wang SC. Branch-and-bound scheduling for thermal generating units.
IEEE Trans Energy Convers 1993;8(2):184–9.

[10] Dike DO, Adinfono MI, Ogu G. Economic dispatch of generated power using
modified lambda-iteration method. IOSR J Electr Electron Eng (IOSR-JEEE)
2013;3331:49–54 [e-ISSN: 2278-1676, p-ISSN: 2320].

[11] Alsumait JS, QasemM, Sykulski JK, Al-Othman AK. An improved pattern search
based algorithm to solve the dynamic economic dispatch problem with valve-
point effect. Energy Convers Manage 2010;51(10):2062–7.

[12] Reid GF, Hasdorff L. Economic dispatch using quadratic programming. IEEE
Trans Power Apparat Syst 1973;6:2015–23.

[13] Li H. Lagrange multipliers and their applications. Knoxville, TN,
37921: Department of Electrical Engineering and Computer Science,
University of Tennessee; 2008.

[14] Nanda J, Hari L, Kothari ML. Economic emission load dispatch with line flow
constraints using a classical technique. IEE Proc – Generat, Transm Distrib
1994;141(1):1–10.

[15] AlRashidi MR, El-Hawary ME. Applications of computational intelligence
techniques for solving the revived optimal power flow problem. Electr Power
Syst Res 2009;79(4):694–702.

[16] Jahan MS, Amjady N. Solution of large-scale security constrained optimal
power flow by a new bi-level optimisation approach based on enhanced
gravitational search algorithm. IET Gener Transm Distrib 2013;7(12):1481–91.

[17] Lian ZX, Glover JD. A zoom feature for a dynamic programming solution to
economic dispatch including transmission losses. IEEE Trans Power Syst
1992;7(2):544–50.

[18] Yalcinoz T, Short MJ. Neural networks approach for solving economic dispatch
problem with transmission capacity constraints. IEEE Trans Power Syst
1998;13(2):307–13.

[19] Borckmans PB, Selvan SE, Boumal N, Absil PA. A Riemannian subgradient
algorithm for economic dispatch with valve-point effect. J Comput Appl Math
2014;255:848–66.

[20] Han XS, Gooi HB, Kirschen DS. Dynamic economic dispatch: feasible and
optimal solutions. IEEE Trans Power Syst 2001;16(1):22–8.

[21] Golpîra H, Bevrani H. A framework for economic load frequency control design
using modified multi-objective genetic algorithm. Electr Power Compon Syst
2014;42(8):788–97.

[22] Naama B, Bouzeboudja H, Allali A. Solving the economic dispatch problem by
using tabu search algorithm. Energy Proc 2013;36:694–701.

[23] Duman S, Arsoy AB, Yörükeren N. Solution of economic dispatch problem
using gravitational search algorithm. In: 7th International conference on
electrical and electronics engineering (ELECO). IEEE; 2011. p. I–54.

[24] Lohokare MR, Panigrahi BK, Pattnaik SS, Devi S, Mohapatra A. Neighborhood
search-driven accelerated biogeography-based optimization for optimal load
dispatch. IEEE Trans Syst, Man, Cybernet, Part C: Appl Rev 2012;42(5):641–52.

[25] Wong KP, Fung CC. Simulated annealing based economic dispatch algorithm.
IEE proceedings C (generation, transmission and distribution), vol. 140. IET
Digital Library; 1993. p. 509–15 [November, No. 6].

[26] Hou YH, Wu YW, Lu LJ, Xiong XY. Generalized ant colony optimization for
economic dispatch of power systems. Proceedings of the International
conference on power system technology, PowerCon, vol. 1. IEEE; 2002. p.
225–9. October.

[27] Dixit GP, Dubey HM, Pandit M, Panigrahi BK. Artificial bee colony optimization
for combined economic load and emission dispatch. In: Second international
conference on sustainable energy and intelligent system (SEISCON 2011), July
20–22, Chennai, Tamil Nadu, India; 2011.

[28] Park JB, Lee KS, Shin JR, Lee KS. A particle swarm optimization for economic
dispatch with non-smooth cost functions. IEEE Trans Power Syst 2005;20
(1):34–42.

[29] dos Santos Coelho L, Mariani VC. An improved harmony search algorithm for
power economic load dispatch. Energy Convers Manage 2009;50(10):2522–6.

[30] Chakraborty P, Roy GG, Panigrahi BK, Bansal RC, Mohapatra A. Dynamic
economic dispatch using harmony search algorithm with modified differential
mutation operator. Electr Eng 2012;94(4):197–205.

[31] Mohammadi-Ivatloo B, Rabiee A, Soroudi A. Nonconvex dynamic economic
power dispatch problems solution using hybrid immune-genetic algorithm.
Syst J, IEEE 2013;7(4):777–85.

[32] Bhattacharya A, Chattopadhyay PK. Hybrid differential evolution with
biogeography-based optimization for solution of economic load dispatch.
IEEE Trans Power Syst 2010;25(4):1955–64.

[33] Dorigo M, Birattari M, Blum C, Clerc M, Stützle T, Winfield A, editors.
Proceedings of the Ant colony optimization and swarm intelligence: 6th
international conference, ANTS 2008, Brussels, Belgium, September 22–24,
2008, vol. 5217. Springer; 2008.

[34] Karaboga D, Basturk B. A powerful and efficient algorithm for numerical
function optimization: artificial bee colony (ABC) algorithm. J Global Optim
2007;39(3):459–71.

[35] Mahdavi M, Fesanghary M, Damangir E. An improved harmony search
algorithm for solving optimization problems. Appl Math Comput 2007;188
(2):1567–79.

http://refhub.elsevier.com/S0142-0615(15)00564-5/h0005
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0005
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0005
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0010
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0010
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0010
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0010
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0015
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0015
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0015
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0020
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0020
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0025
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0025
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0025
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0030
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0030
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0030
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0040
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0040
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0040
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0045
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0045
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0050
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0050
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0050
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0055
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0055
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0055
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0060
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0060
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0065
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0065
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0065
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0070
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0070
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0070
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0075
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0075
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0075
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0080
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0080
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0080
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0085
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0085
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0085
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0090
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0090
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0090
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0095
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0095
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0095
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0100
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0100
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0105
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0105
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0105
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0110
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0110
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0115
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0115
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0115
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0120
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0120
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0120
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0125
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0125
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0125
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0130
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0130
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0130
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0130
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0140
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0140
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0140
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0145
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0145
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0150
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0150
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0150
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0155
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0155
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0155
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0160
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0160
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0160
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0165
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0165
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0165
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0165
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0170
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0170
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0170
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0175
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0175
http://refhub.elsevier.com/S0142-0615(15)00564-5/h0175

	A new approach to solve Economic Dispatch problem using a Hybrid ACO&ndash;ABC&ndash;HS optimization algorithm
	Introduction
	Economic Dispatch
	Proposed algorithm
	System description
	Simulation results
	Single Area Economic Dispatch \(Isolated Power System\)
	Multi-Area Economic Dispatch \(Interconnected Power Systems\)
	Convergence rate and execution time comparison

	Conclusion
	References


