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ABSTRACT

Thiswork focuseson proposinganew algorithm, referred asHMA (Hybrid M etaheuristicAlgorithm)
for thesolution of theWTO (Wind Tur bine Optimization) problem. It iswell documented that turbines
located behind oneanother facea power lossduetotheobstruction of thewind duetowakeloss. It is
required toreducethiswakelossby theeffective placement of turbinesusinganew HMA. ThisHMA is
derived from thetwo basicalgorithmsi.e. DEA (Differential Evolution Algorithm) and the FA (Firefly
Algorithm). Thefunction of optimization isundertaken on theN.O. Jensen model. Theblending of DEA
and FAintoHM A ar ediscussed and thenew algorithm HM A isimplemented maximizepower and minimize
thecost inaWTO problem. Theresultsby HM A havebeen compared with GA (GeneticAlgorithm) used
in somepreviousstudies. Thesuccessfully calculated total power produced and cost per unit turbinefor
awind farm by usngHM A and itscomparison with past appr oachesusing singlealgorithmshaveshown
that ther eisasignificant advantage of usingtheHM A ascompar ed totheuseof singlealgorithms. The
first timeimplementation of a new algorithm by blending two singlealgorithmsisa significant step
towar dslearningthebehavior of algorithmsand their added advantagesby usingthem together.

KeyWords: Wind Farm, Jensen Wake M odel, Nature Inspired Algorithms, Differential Evolution
Algorithm, Firefly algorithm, GeneticAlgorithm, Hybrid M eta-HeuristicAlgorithm.

INTRODUCTION

e topic of wind turbine micrositing has gathered
alot of attention internationally dueto therapid
increasein theinstallation of wind power. It has

been discussed in earlier literature that the wind turbine
positioning can be improved by the use of the FA [1].
Thegoal of thiswork isto find anew method of solving
the WTO problem. This solution examinesthefeasibility
of using a multi-Algorithmic approach for the multi
objective optimization isachieved.

Windturbinemicrogtingisacomplex problemof optimization
because of thefact that it cannot be solved by exact methods.
The problem space is hon-linear and totally dependent on

the complex interactionsof theturbinesinstalled with respect
totheinteraction of thewakesand theenergy captured from
them[2].

Producing power from alimited space of (2x2 km area) is
the main concern of this work. In this study the wind
conditions are unchanged at 12 m/sfrom the eastern side
of thewind farm. Thebest or optimal conditionisobtained
with the results showing the number of turbines and the
gathered power from those turbineswith the efficiency of
the power output. Reference is made to the past
approaches that have used only one algorithm for
achieving the same purpose[2-3].
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The main objective of thiswork is to propose aHMA for
advancing the purpose of researchinthisfield. ThisHMA is
the combination of a mainstream agorithm the DEA and
recent dgorithm, namely the FA. Both dgorithmsaresdected
on the basis of their relative strengths. The DEA is known
for escaping local optima and the FA iswell known for its
fast processing and efficient operation.

The method of nesting two algorithmsis well knownin
literature and there are anumber of publicationsavailable
[4-5]. Other implementation are of HMAs are such as a
combination of two or more agorithmsto attain acommon
objective are also discussed in [6-9]. During the
development of the metaheuristic algorithm the major
limitations of both the algorithms in use were mapped
and compared. Themain objective wasto get the maximum
power at the lowest cost.

Thisstudy focuseson the recent interest during the midst
of 2015 from the optimization community in the use of
HMAsfor the solution of engineering problems. TheWTO
problem has moved on to other avenues since then and
has become amulti-dimensional topic by the application
of the CFD (Computational Fluid Dynamics) approach
[10-12].

The program code for optimization is developed in Matlab
and run onaCorei3 computer with8 GB RAM.

2. LITERATURE REVIEW

The area of wind farm optimization was pioneered by
several authorsincluding Mosetti, Beyer, Barthelmieand
Grady [13-16]. Intheir approachesthe solution space was
encoded into asquaregrid of 2x2 kmto fecilitatethe search
string. They used the GA (Genetic Algorithm) primarily
for achieving this purpose. There was added interest by
the use of metaheuristic algorithms and the Jensen M odel
asdeployed by Wan et. al. [17] and Marmidiset. al. 18].

Other authors such as Acero and Kusiak used other
metaheuristic techniques such asVirtual GeneAlgorithm,
Markov Chain methods and Simulated Annealing [19-20].

Interestingly the work for WTO by using CFD domain
wasinitiated very early by Palmaet. al. [21]. It was also
reported that the CFD isamore accurate method of micro-
siting during itsinfancy.

ThenWanet. a. [22] utilized the GA to arrive at systematic
resultsfor the simulation of thewind farm. Hiswork was
based on Grady et. al. [16] results.

This was followed by Emami and Nougreh [23] who
advanced the work by considering the three scenarios,
uniform and unidirectional wind, uniform and
multidirectional wind and non-uniform and
multidirectional wind. However hisresultswere based on
less strenuous parameters.

Moreover, Rasuo and Bengin [24] presented his work
based on the GA. He was quick to note that the realistic
wake effects can only be mapped by the use of aviscous
flow model such asa CFD model. However, he realized
that the computational cost of using both CFD and GA
would be great.

The work of Lazarou et. al. [25] utilized the Powell’s
optimization method to reach similar resultsto theresults
obtained by Mosetti et. al. [13], Grady et. a. [16] and
Marmidiset. al. [18].

Moraet. al. [26], used an evolutive algorithm and aglobal
wind farm cost model to evaluate the results of wind farm
optimization for three test cases.

Then Gonzalez et. al. [27] summed up the work donein
this field in a review paper. The results were compared
with Grady et. al. [16] and were an extension of thework
of Mosetti et. al. [13].

This present work has evolved from the work of Mittal
[3]. Thework of Rajper [2] builds on the work of Mittal
[3]. Muchwork hasbeen donein thefield of metaheuristics
since theterm was coined by Glover [28].

Other researchers contributed by adopting different
approaches. Karampelaset. al. [29], utilized the downhill
simplex optimization method to reach at the optimal
number of wind turbines and the least cost of installing
these turbines.
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Then, Villarreal and Espiritu [30], compared the results of
Mosetti et. al. [13] by using a viral based algorithm.
Addition to thisfield was made by Chowdhry et. al. [31]
who used aminiature wind farm in conjunction with the
PSO (Particle Swarm Optimization) Algorithm. A key aspect
of thisstudy wasthat the use of different rotor sizeswere
used in the same wind farm to obtain better simulation
results.

Particle flow simulation or the use of CFD was added to
thisfield by Song et. al. [32] who showed that the results
of CFD were better than widely used linear model given
by Jensen [33]. Again, Song et. a. [34], utilized the particle
flow simulation method in conjunction with Greedy
Algorithm.

Rahmani et. al. [35], compared hisresultswith Mosetti et.
a. [13] and Marmidis et. al. [18] by utilizing the PSO
Algorithm.

Chenet. a.[36], used the Jensen model [33] in conjunction
with nested GA for theimprovement of resultsin awind
farm. He used two different heights for wind turbinesin
his study.

Gaumond et. al. [37], investigated the three main wind
models while applied to an actual wind farm and
concluded that the wake models were under-predicting
the power produced.

A good formulation of the optimization problem has been
discussed in[9]. Moreover awide number of applications
of hybrid algorithms have been illustrated in literature
theseinclude[38-45].

Rao and Shyju [38], used a HMA known as the MSGNS
(Multiple-Start Guided Neighborhood Search Algorithm). This
algorithm was comprised of the two popular, Tabu Search and
Simulated Annealing a gorithms. Rao and Shyju [38] proposed
a better solution to the laminate composite structures used in
Aerospace. The results demonstrated superiority over the use
of popular algorithms, when used alone, such as simulated
annealing and GAs.

Salcedo-Sanz et. a. [39] used the HMA approach for the
solution of thetask assignment problem in Heterogenous
Computing applications.

Shahsavari-Pour and Ghasemishabankareh [40], solved
the FISP (Flexible Job-Shop Scheduling Problem) by the
use of novel HMA- NHGASA.. He utilized three objective
functionsthat minimized thetotal time of the operations,
minimized the load on the most used machine and
minimized the load on all the machines. His approach
produced better results than classical results reported in
literature.

Lozano and Garcia-Martinez [41], proposed the
combination of two algorithms, the IL SA (Iterative Local
Search Algorithm) and an Evolutive Algorithm. These
algorithms were used to reach better values of the
parameters of intensification and diversification.

Leunget. al. [42], utilized the HMA for the solution of the
knapsack packing problem. He utilized the Simulated
Annealing and a greedy strategy for the solution of this
problem.

Poorzahedy and Rouhani [43], was ableto useaHMA for
solving the network congestion problem by the use of
GA, Simulated Annealing and Tabu Search. The results
were better than the Ant Col ony Optimization Algorithm.

Yi et. al. [44], proposed three HMAS for Engineering
design optimization. His results were better than the
Hybrid Differential Evolution Algorithms.

Fattahi et. al. [45], compared several Pareto based
inventory control modelsby the use of HMA in hiswork.

A recent publication Massan, et. al. [46] may also be
referenced for the application of the Differential Evolution
Algorithmin thisdomain.

There aretwo main papersthat have discussed the use of
bi-algorithmic approach for wind farm optimization these
are[4-5]. Inthese papersWan et. al. [4-5] hasproposed a
similar approach to our research. Wan has used PSO
algorithm along with Gaussian mutations (GPSO) to solve
the constrained optimization problem.
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Wan et. al. [5] has proposed that the global optimization
and local optimization is reached by the use of two
Gaussian mutation operators. Thefirst Gaussian operator
finds the global best solution while the local operator
searches in the vicinity of the global best solution. In
such a scenario, the local optimaiis efficiently searched
by two levelsof operation. It iswidely known that GPSO
is efficient and robust for finding the global optima and
the simulation results show that there is a wide
improvement in using the two operators[4-5].

3. MATERIALSAND METHOD

31 WindFarmModd

Thewake model used shall be the Jensen model [33] asit

givesthe two constraints of optimizationi.e.

D The power generated in terms of the wind speed

¥ The cost model

The same assumptions are taken as in previous studies
[1-3],

Hub height = 60m
Rotor radius=40m
Thrust coefficient = 0.88

Fig. 1illustratesthe model.

In such layouts, each grid point hasits own wind speed
denoted by u, when this wind speed interacts with a
wind turbine wake appears. This wake expands in a
linear fashion behind the wind turbine in the wind
direction. The wake expansion is given by the factor &
that is derived from the hub height z and the terrain

roughnessz

The computer program shall be run so that multiple wakes
are accounted for as well as the exact terrain roughness
of that paint.

Thelisted variableswere utilized in the Matlab program,
r. = Turbine rotor radius which is the radius of the wake
X = The distance at which thewake s calculated

r, = Theradius of the wake at distance X

According to Betz's theory [47] the wind speed after the
rotor is given by:

|

[—
u
ri=aX+r,

FIG. 1. THE WAKE MODEL SCHEMATIC
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X @

Thus avalue of U is obtained. Moreover, from [48] the
axial induction factor a is derived from the Thrust
Coefficient C_ asfollows

C,=4a(1-a) @

We may now writer, asrelatedtor as:

o f1-2
"=l 2a ©)

Whereas, from[33] the calculation of the entertainment

constantais done for every grid point as follows:

_ 0.5
m[z) @
2

Where hub height z=60m and the value of theterrain of z,
at the grid point yields the a for that point [9] It may be

remarked that the lesser the z; the narrow the wake [9].

The equation for multiple wakesis denoted by:

u =u +§t) 1 u
i 0 ] uo (5)
Where the available power can be calculated from
equation:
. 1 3
Available Power = EpAu 6

With the addition of efficiency the equation becomes:

Available Power =n%pAu3 @

The power produced is reduced to

Power ProducedP(n) = 0.3 u® Kilowatts ®

The efficiency is given by the following equation:

Ny

>0.3xu?
Available n=-1 ©

17 Nt(0:3x u?)
or
. Power.
Available = Totd
Nt(0.3x u3 (10

Cost Mode

The cost model is generic and is given in literature as
follows:

(19)

-0.00174
cos o)< 2427

Where N, isthe number of turbines[5].

3.2  TheOptimization Problem

It is known that, a population of solutions to the
optimization problem can be generated with k

population:

Solution =[x, X,, X511, X 5., X, ]

The bi-objective (cost and power) fitness values for the

optimization problem at any instant, can be written as:

(12)

fract)

Where P(n) and C(n) are values of power and cost of the
wind farm at a certain instant in the iterative process.
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Where,

Power Produced, P(n) istaken from Equation (8) and the
Cost, C(n) from Equation (11). The optimization problem
Equation (12) is subject to the constraints that:

0<x;sW
O<y;<L

0< 2\/(X2'X1)2_(Y2'Y1)2 -D?

(13

Where, L isthe length and W is the width of the wind
farm and D isthe minimum distance between two adjacent
wind turbines.

3.3  TheDifferential Evolution Algorithm

The DEA isan Evolutionary Algorithm that isrelated to
Stochastic Search Algorithms. Thisalgorithm searchesa
known domain for agloba maximaor aminima. Itissimilar
to GA, PSO Algorithm and the Evolutionary Strategy
Algorithm as well as Evolutionary Programming
Algorithms[49-50].

The DEA is similar to the GAs as it utilizes the main
processes of selection-evaluation-recombination. This
algorithm is outstanding as it adds a new dimension by
looking for unique solutions by the process of
recombination [51]. The process of recombination is
facilitated by the addition of new speciesthat arearesult
of a weighted difference of two old members that are
recombined with the third member [50].

However, it has been found from the algorithm
implementation that it is computationally expensive and
nimble finetuning of the parametersisrequired for better
implementation[51].

34  TheFireflyAlgorithm

This algorithm is good at evaluating a cost or objective
function under many constraints and the problem can
either be linear or non-linear [27-28]. It functionsin the
stochastic domain which meansthat several solutionsto

the same problem may exist. However, if we sufficiently
increase the number of iterations the problem may
succumb to asingleglobal solution set (Global minimaor
globa maxima).

The basic working of the algorithm is very simple to
understand. It mimicsthe mating behavior of Fireflieswith
the given sets of assumptions[27-28].

@) All fireflies are equally attracted to each other
which meansthereisasingle gender.

@ Brighter firefliesare more attractive. Inthiscase
the permeability of themedium may bealtered to
configurethe algorithm properly. Inthe case of a
tiei.e. if two fireflies have the same brightness
then they shall move independently.

® The objective/cost function determines how
bright afirefly is, therefore, in other words the
main function of the algorithm is served here.

This algorithm investigates the complex nature of the
interaction of the brightness as compared to the
attractiveness between the individual fireflies. The
objective function shows the strength of the wind which
is useful for calculating the cost as well as the
attractiveness of the fireflies. The objective function is
responsible for determining the distance between
adjoiningfireflies[27].

TheFAismoresuitablefor duetoitssimplicity and smple
coding. Itisuseful for optimization problemsasit mimics
theintensity of the brightnessthat resultsin maximization
of the objectivefunction[1,46-48].

Firefly Algorithm (M athematical M odel)
Theinverse square law givesthe light intensity:
I=1,e" (19
Giventhat:

I(r) is light intensity,ris Distance, | is Original light
intensity,andyis Light absorption coefficient.
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The objective function can be interchangeably used to
denotetheintensity of light of afirefly and attractiveness
of one firefly to another. Both these terms are
interchangeable and are dependent on the objective
function [27-28]. In view of the above, if we replace the
attractivenesswith its proportional counterpart; intensity
then

p=p,er (19

The equation may be modified, as in [53],to read as
follows:

B(r)=B,e™(m>1)

Moreover, the Cartesian distance existing between two
firefliesi andj at x, and at x; isgoverned by thefollowing
equation, asin[52,55-56].

d
/ 2
rij=||xi _Xj": kzl(xi,k_xj,k)

Theterm, x, definesthekth valueof thex of thei™ firefly.

(16)

17

The attractiveness of the i and the j*" fireflies resultsin
the movement that isgoverned by the following equation:

X, =X, +BOe™ (X —X) +ag (18)

Intheabove equation x, and xj arejust positionsthe second
term is the attraction between the two and the last term
gives the randomness factor in the above guess.

35 Meta-Heuristic Algorithm

I mplementation M ethodology

The MHA hastheintelligenceto explore the search space
effectively and not miss any points of the local optima.
At the global scale it isingenious at escaping the local
minima and astute enough to intensify the density of the
turbines at high wind areas [57].

The proposed bi-algorithmic approach uses the two
mainstream algorithms namely

D TheDifferential Evolution Algorithm
¥ TheFirefly Algorithm

Theworking of the solutionisdiscussed briefly asfollows:

A map of theregion istaken and divided into (100x100)
grid points. However, the DEA is allowed to work in a
solution space of only (99.5x99.5) grid points. Thisis
because the FA is allowed to function in (0.5x0.5) grid
points. The resultant map can be used to identify the
boundary and non-boundary regions of the solution
set.

Then the HMA isrun on the solution space in which the
DEA isexecuted first to find the global optimization onn?
area. In our present calculations a base/model area of
(99.5x99.5) grid spacesina9900.25 knm? area. Theremaining
space of 0.5x0.5 grid spacesis covered by the FA.

The HMA s does the initial calculations on the basis of
the DEA and then does the Local Optimization
automatically by the application of FA for each turbine
position to find the best solution.

Thus, with the application of the two algorithmsthe global
best solution can be enhanced by any scalar amount to
becometheglobal aswell aslocal best position. Therefore,
both algorithms working together in tandem can yield a
better solution set in a piecewise manner.

The parameters of concern in the DEA are population
sizewhich istaken as 500 and the maximum time for the
iteration which is taken as 900 seconds. Whereas the
parameters of concern in the FA are taken as number of
firefliesweretaken as 20, Number of iterationswere 100,
Alphawas0.5, Beta . was0.2 and Gammawas 1.

4. RESULTS AND DISCUSSION

Fig. 2 gives a comparison of the power produced by the
HMA ascompared to the GA [2].

After the simulation wasrun it was noticed that the results
of HMA were better for higher number of turbines as
comparedtothe GA. Only for 10, 16, 17, 18 and 19 turbines
theresults of GA [2] were better.

It was seen that HMA reported the same results for
Power till the 9" turbinewasinstalled. At theinstallation
of the 10" turbine the HM A reported avalue of 5183.99
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kW for power whereas the GA [2] reported a value of
5184.00 kW.

It was also noticed that the Power obtained by using the
HMA ismeasurably higher per unit turbineinstalled after
the installation of the twentieth turbine.

The power difference is evident when the 20"turbine is
installed where by HMA we got a resultant power of
10,361.76 kW but with GA alower valueof 10,351.68 kW
is obtained. This trend continues till the installation of
the 100" turbine wherethe HM A reports a higher amount
of power produced of 50,846.92 as compared to the GA at
48,452.26 KW.

Fig. 3 discussed below compares the dimensionless cost
by the use of the HMA as compared to the standard GA
as used by [2].

The total cost per unit turbine for the HMA is better as
compared to the GA [2]. The only exception to the
supremacy of theHMA isfor turbine numbers 16, 17, 18
and 19 wherethe GA [2] reports better results.

At theinstallation of the 16"turbine the GA [2] reportsa
result of 0.0016979 and the HMA lags slightly behind at
0.001698. Thistrend continuestill theinstallation of the
19"turbinewherethe GA [2] reportsaresult of 0.0016291
and the HMA lags behind at 0.0016298.

A comparison of power obtained by HMA and GA
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FIG. 2. COMPARISON OF POWER BY HMA AND GA

A comparison of the cost from HMA and GA
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FIG. 3. COMPARISON OF COST BY HMA AND GA
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However, the supremacy of the HMA is established at
the installation of the 20" turbine and continues till the
installation of the 100" turbine.

At theinstallation of the 20" turbine the HMA takes the
lead and posts results of cost at 0.0016075 whereas the
GA lagsat acost of 0.0016091. Thus, the HMA iskeeps
its supremacy till the time the 100" turbine is installed
with aresult of cost valued at 0.0013111 and the GA lags
with aresult of 0.0013759.

The lowest cost is reported by GA [2] at atotal of 54"
turbinesat avalue of 0.0013292. However, using HMA it
is the lowest cost is reported when 60" turbines are
installed at avalue of 0.0012941.

In Table 1, it is clearly evident that a higher amount of
peak power is produced with a higher number of turbines
at aconsiderably lower cost as compared to the GA [2].

InTable 2, It is evident that the highest amount of power
isproduced by HMA as compared to GA [2] and M osetti
et. al. [13].

Similarly in Table 3, when we compare theresults obtained
by Grady et. a. [16], Rajper and Amin by using GA [2]
and by HMA it is evident that the latter is the best
algorithm for evaluation of the objective function.

InTable4, theresultsof Marmidiset. |.[18], GA[2] and
the HMA clearly suggest that, from these three
techniques, HMA is the better technique for Wind
Turbine Micrositing.

Finally, in Table 5, the results of Mittal [3], Rajper and
Amin (GA) [2] and HMA can be compared and it isevident
that HMA is the better technique.

The results tabulated in Table 6 shows the results for
turbine numbers 1-100 as obtained by the application of
the HMA. It is evident that the HMA is better than the
GA technique|[2].

It was demonstrated that the optimal number of turbines
that can beinstalled by using the HMA is 68 on asquare
grid of 2x2kmarea.

TABLE 1. PEAK COST TO POWER RATIO, GA [2] AND

HMA
By using GA [2] By using HMA
Number of Turbines 54 60
Peak Power produced 27,169.52 30,939.78
Cost per unit power 0.0013292 0.0012941

TABLE 2. MOSETTI [13], GA [2] AND HMA

Mosettiet. al. | By using GA By using
[13] [2] HMA
Number of Turbines 26 26 26
Peak Power produced| 12,352 13364.16 | 13459.11
Objective function |y 1516197 | 0001497 | 0.0014865
value
Efficiency 91645% | 99.152% 99.6%

TABLE 3. GRADY ET AL. [16] GA [2] AND HMA

Gradyet. al. | By using GA By using
[16] [2] HMA
Number of Turbines 30 30 30
Peak Power produced| 14,310.00 15,372.49 15,528.06
Objective function |y y515436 | 0.001423 | 0.0014225
value
Efficiency 92.015% 98.846% 99.85%

TABLE 4. MARMIDIS, ET, AL. [18] , GA [2] AND HMA

Marmidis, et. a| By using GA By using
[18] [2] HMA
Number of Turbines 32 32 32
Peak Power produced| 16,395.00 16,376.63 16,571.59
Objective furction | hy14107 | 0.001423 | 0.0013057
value
Efficiency Not reported 98.721% 99.9%

TABLE 5. MITTAL, ET. AL. [3] GA [2] AND HMA

Mittalet. a. [ | By using GA By using
3] [2] HMA
Number of Turbines 44 44 a4
Pesk Power produced| 2193600 | 2230678 | 2273814
Objective function
value 0.0013602 0.001423 0.0013123
(Using GA or HMA)
Efficiency 96.1% 97.79% 99.69%
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TABLE 6. SHOWS THE COMPARISON OF THE HMA AND THE GA WITH RESPECT TO THE TOTAL POWER GENERATED
AND THE COST PER UNIT POWER

No. Power by GA Power by HMA Cost by GA Cost by HMA Efficiency by HMA
1 518.4 5184 0.0019279 0.0019279 1

2. 1,036.80 1,036.80 0.0019246 0.0019246 1

3. 1,555.20 1,555.20 0.001919 0.001919 1

4. 2,073.60 2,073.60 0.0019114 0.0019114 1

5. 2,592.00 2,592.00 0.0019016 0.0019016 1

6. 3,110.40 3,110.40 0.00189 0.00189 1

7. 3,628.80 3,628.80 0.0018765 0.0018765 1

8. 4,147.20 4,147.20 0.0018613 0.0018613 1

9. 4,665.60 4,665.60 0.0018445 0.0018445 1
10. 5,184.00 5,183.99 0.0018263 0.0018263 1
11. 5,702.40 5,702.40 0.0018069 0.0018069 1
12. 6,220.80 6,220.80 0.0017865 0.0017865 1
13. 6,739.20 6,739.20 0.0017652 0.0017652 1
14. 7,257.60 7,257.60 0.0017432 0.0017432 1
15. 7,776.00 7,776.00 0.0017207 0.0017207 1
16. 8,294.40 8,293.74 0.0016979 0.001698 0.9999
17. 8,812.80 8,811.82 0.0016749 0.0016751 0.9999
18. 9,331.20 9,328.15 0.0016519 0.0016525 0.9996
19. 9,849.60 9,845.33 0.0016291 0.0016298 0.9996
20. 10,351.68 10,361.76 0.0016091 0.0016075 0.9994
21, 10,853.76 10,879.74 0.0015893 0.0015855 0.9994
22, 11,355.84 11,397.14 0.0015697 0.0015641 0.9993
23. 11,857.92 11,914.73 0.0015506 0.0015432 0.9993
24, 12,360.00 12,431.28 0.0015321 0.0015233 0.9992
25, 12,862.08 12,947.21 0.0015142 0.0015042 0.999
26. 13,364.16 13,459.11 0.001497 0.0014865 0.9986
27. 13,866.24 13,982.48 0.0014807 0.0014684 0.999
28. 14,368.32 14,501.61 0.0014652 0.0014517 0.9991
29, 14,870.41 15,013.67 0.0014506 0.0014367 0.9987
30. 15,372.49 15,528.06 0.0014369 0.0014225 0.9985
31 15,874.57 16,039.80 0.0014241 0.0014095 0.9981
32. 16,376.65 16,571.59 0.0014123 0.0013957 0.999
33. 16,878.73 17,069.71 0.0014014 0.0013857 0.9978
34. 17,380.81 17,580.91 0.0013914 0.0013749 0.9979
35. 17,882.89 18,104.82 0.0013822 0.0013653 0.9978
36. 18,384.97 18,621.28 0.0013739 0.0013564 0.9978
37. 18,887.05 19,138.79 0.0013663 0.0013483 0.9978
38. 19,389.13 19,657.24 0.0013595 0.001341 0.9979
39. 19,875.40 20,152.64 0.0013545 0.0013359 0.9968
40. 20,361.68 20,667.59 0.0013501 0.0013301 0.9967
41. 20,847.95 21,182.79 0.0013463 0.001325 0.9966
42, 21,334.23 21,691.27 0.0013429 0.0013208 0.9963
43. 21,820.50 22,215.67 0.0013401 0.0013162 0.9966
44, 22,306.78 22,738.14 0.0013376 0.0013123 0.9969
45, 22,793.05 23,222.92 0.0013356 0.0013109 0.9955
46. 23,279.33 23,779.96 0.0013339 0.0013058 0.9972
47. 23,765.60 24,280.28 0.0013325 0.0013043 0.9965
48. 24,251.87 24,801.96 0.0013315 0.0013019 0.9967
49. 24,738.15 25,264.49 0.0013306 0.0013029 0.9946
50. 25,224.42 25,788.40 0.00133 0.0013009 0.9949
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No. Power by GA Power by HMA Cost by GA Cost by HMA Efficiency by HMA
51. 25,710.70 26,278.15 0.0013296 0.0013009 0.9939
52 26,196.97 26,796.18 0.0013293 0.0012996 0.994
53. 26,683.25 27,363.99 0.0013292 0.0012961 0.996
54, 27,169.52 27,817.18 0.0013292 0.0012982 0.9937
55 27,655.80 28,339.58 0.0013293 0.0012972 0.994
56. 28,142.07 28,850.52 0.0013294 0.0012968 0.9938
57. 28,628.34 29,404.11 0.0013297 0.0012946 0.9951
58. 29,099.31 29,815.36 0.0013307 0.0012987 0.9916
59, 29,570.28 30,414.50 0.0013317 0.0012948 0.9944
60. 30,041.24 30,939.78 0.0013328 0.0012941 0.9947
61. 30,512.21 31,409.71 0.0013338 0.0012957 0.9933
62. 30,983.17 31,951.69 0.0013349 0.0012944 0.9941
63. 31,454.14 32,395.18 0.0013359 0.0012971 0.9919
64. 31,925.11 32,856.39 0.001337 0.0012991 0.9903
65. 32,396.07 33,412.45 0.001338 0.0012973 0.9916
66. 32,867.04 33,938.34 0.0013391 0.0012968 0.9919
67. 33,338.00 34,440.55 0.0013401 0.0012972 0.9916
68. 33,808.97 34,910.67 0.0013411 0.0012988 0.9903
60. 34,279.94 35,475.32 0.0013421 0.0012968 0.9918
70. 34,750.90 36,033.64 0.001343 0.0012952 0.993
71. 35,221.87 36,480.02 0.001344 0.0012976 0.9911
72. 35,602.83 36,942.85 0.0013449 0.0012994 0.9898
72. 35,692.83 36,942.85 0.0013449 0.0012994 0.9898
73. 36,163.80 37,448.44 0.0013458 0.0012996 0.9896
74, 36,634.76 37,932.91 0.0013467 0.0013006 0.9888
75. 37,105.73 38,594.51 0.0013475 0.0012956 0.9927
76. 37,576.70 38,991.64 0.0013484 0.0012995 0.9897
77. 38,032.84 39,426.54 0.0013497 0.001302 0.9877
78. 38,488.98 39,967.44 0.0013511 0.0013011 0.9884
79. 38,945.12 40,580.13 0.0013523 0.0012979 0.9909
80. 39,401.26 41,041.24 0.0013536 0.0012995 0.9896
81. 39,857.40 41,454.70 0.0013548 0.0013026 0.9872
82. 40,313.54 42,005.19 0.001356 0.0013014 0.9882
83. 40,769.68 42,4451 0.0013572 0.0013036 0.9865
84. 41,225.82 42,948.53 0.0013584 0.0013039 0.9863
85. 41,681.96 43,334.30 0.0013595 0.0013077 0.9834
86. 42,138.10 43,993.24 0.0013606 0.0013032 0.9868
87. 42,504.24 44,556.76 0.0013617 0.0013017 0.9879
88. 43,050.38 44,729.76 0.0013627 0.0013116 0.9805
89. 43,506.51 45,675.66 0.0013638 0.001299 0.9899
90. 43,962.65 45,675.66 0.0013648 0.0012982 0.9906
o1. 44,418.79 46,597.23 0.0013658 0.0013019 0.9878
92. 44,874.93 47,096.77 0.0013668 0.0013023 0.9875
93. 45,331.07 47,505.37 0.0013677 0.0013051 0.9854
o4, 45787.21 47,995.51 0.0013687 0.0013056 0.9849
95. 46,243.35 48,392.71 0.0013696 0.0013087 0.9826
9. 46,685.14 48,775.76 0.0013709 0.0013121 0.9801
97. 47,126.92 49,088.18 0.0013722 0.0013174 0.9762
98. 47,568.70 49,988.54 0.0013735 0.001307 0.984
99. 48,010.48 50,298.80 0.0013747 0.0013122 0.9801
100. 48,452.26 50,846.92 0.0013759 0.0013111 0.9808
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4. CONCLUSIONS

Thealgorithm implementation shows the comparison with
theuse of asinglealgorithmi.e. the GA and it showsthat
the HMA performs better.

This implementation is a significant step in towards
learning the behavior of algorithms and their added
advantages by using them together.

Themain contribution of thiswork isthat, the FA and the
DEA have been used for the first time in tandem. This
adds to a significant contribution by implementation of
the both algorithms and the addition of complexity to the
WTO problem.

This study has successfully calculated the total energy
produced by awind farm by usingaHMA and compared
it with the past approaches of using single algorithms. It
is shown that there is a significant advantage of using
the HMA as compared to the use of single algorithms.
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