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Abstract. The economic dispatch problem (EDP) is one offtinelamental issues in power systems to obtain henef
with the stability, reliability and security. Itdbfective is to allocate the power demand among citkeasingenerators in
the most economical manner, while all physical apkrational constraints are satisfied. The cost pafwer
generation, particularly in fossil fuel plants,\uery high and economic dispatch helps in savingaificant amount of
revenue. Recently, as an alternative to the comweslt mathematical approaches, modern heuristicirjzation
techniques such as simulated annealing, evolutipmdgorithms, neural networks, ant colony, and taearch have
been given much attention by many researchersatigetr ability to find an almost global optimallaton in EDPs.
On other hand, continuous GRASP (C-GRASP) is ehatiic local search meta-heuristic for finding cefficient
solutions to continuous global optimization probtesubject to box constraints. Like a greedy randechiadaptive
search procedure (GRASP), a C-GRASP is a multt-gtaicedure where a starting solution for local immpement is
constructed in a greedy randomized fashion. TheRAGP algorithm is validated for a test system cimgj of fifteen
units, test system that takes into account spinrésgrve and prohibited operating zones constrains.

Keywords: economic dispatch, thermal units, electrical eneroptimization, C-GRASP.
1. INTRODUCTION

The economic dispatch optimization problem is ofithe fundamental issues in power systems to olitaiefits
with the stability, reliability and security. Itbjective is to allocate the power demand among citiedngenerators in
the most economical manner, while all physical apdrational constraints are satisfied. The cogtosfer generation,
particularly in fossil fuel plants, is very highdueconomic dispatch helps in saving a significanbant of revenue
(Chatuverdiet al., 2008).

Many optimization methods have been researchedhénconventional methods such as the lambda-iberati
method, dynamic programming, interior point metlaod gradient-based methods, an essential assunigtibat the
incremental cost curves of the units are monotdigidacreasing piecewise linear functions, but gractical systems
are nonlinear. However, conventional methods l&mbda-iteration, quadratically constrained programgmgradient
methods, among others, rely heavily on the conyeadisumption of generator cost curves and usuallyoximate
these curves using quadratic, piecewise quadrattigher order polynomial cost functions (Wood aNdllenberg,
1984). When fuel cost function is approximated lmnsmooth or non-convex function, numerical methads no
longer applicable. For example, practical econodigpatch problems with valve-point effects are espnted as
nonsmooth optimization problems.

Recently, a number of meta-heuristics, for exangiteulated annealing (Basu, 2005), genetic algorikvialters
and Sheblé, 1993), evolutionary programming (Siehal, 2003), differential evolution (Noman and Iba,08)
cultural differential evolution (Coelh@t al, 2008), tabu search (Liet al, 2002), improved quantum-inspired
evolutionary algorithm (Netet al, 2010), and particle swarm optimization (Panigethal, 2008) have been applied
to solve the economic dispatch optimization problem

In the optimization context based on meta-heusstic Continuous-GRASP (C-GRASP) algorithm was atti
proposed in Hirsclet al. (2006), as a novel global optimization method. RASP extends the Greedy Randomized
Adaptive Search Procedure (GRASP) of Feo and Res€h@i95) from the discrete to the continuous global
optimization field. C-GRASP is a stochastic loaadusch meta-heuristic that doesn’t make use of déviv information
and is easily implemented, therefore if can be iadplo find cost-efficient solutions of a wide rangf continuous
global optimization problems subject to box coriatea Like GRASP, C-GRASP is a multi-start procedwhere a
starting solution for local improvement is constagtin a greedy randomized fashion.

In this paper, an economic dispatch problem is eyga to demonstrate the performance of the C-GRASP
validate the approach in this field. The benchnmandblem used consisted of 15 thermal generators privhibited
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operating zones, and it is described in Lee andpBhe (1993). Simulation results obtained were wredl and
compared with other optimization results reportetiterature.

The remainder of this paper is organized as follcsestion 2 describes the formulation of the ecdoadispatch
problem, while section 3 explains the fundamentdl<C-GRASP. Subsequently, section 4 provides theulkition
results for the 15-unit test system. Lastly, cosidn is given in the section 5.

2. FUNDAMENTALS OF ECONOMIC DISPATCH OPTIMIZATION P ROBLEM

The primary concern of an economic dispatch probieno minimize the total fuel cost at thermal povpdants
subjected to the operating constraints of a powstes. Therefore, it can be formulated mathemadyiocalth an
objective function and two constraints. The equalitd inequality constraints are represented by @gsand (2) given

by:

n
_le| -PL-Pp =0 1)
1=
Pimin < P| < Pimax (2)

In the power balance criterion, an equality constrenust be satisfied, as shown in Eq. (1). Theegatied power
should be the same as the total load demand plaislitee losses. The generating power of each geaeshould lie
between maximum and minimum limits represented &y(E), whereP; is the power of generator(in MW); n is the
number of generators in the systelfg; is the system’s total demand (in MWB; represents the total line losses (in
MW) and P,™" andP,"®* are, respectively, the output of the minimum arakimum operation of the generating uinit
(in MW). The objective of minimization of the tothlel cost function is formulated as follows:

min f = Zn:Fi(Pi) ®)

whereF; is the total fuel cost for the generator ur(in $/h), which is defined by equation:

F(R)=GR*+hR +3 (4)
wherea;, b, andc; are cost coefficients of generatotn the case study presented here, we disregaingetiansmission
lossesP. (mentioned in Eg. (1)), i.e., in this woRg = 0. In this study, the spinning reserve and pribddl operating
zone-constraints are considered (Lee and Breipt®®3; Papageorgiou and Fraga, 2007). The constrasm be
represented by equations given by:

(i) spinning reserve constraints (Papageorgiouraada, 2007):

n

2.52% ©
i=1

s =min{P™-PR)s™}, Oi0w ®)
S =0, Difa ()

where§ is the spinning reserve contribution of uiniG; the system spinning reserve requirem&it* the maximum
spinning reserve contribution of unjtandw is the set of on-line units with prohibited opengtzones.

(i) prohibited operating zones constraints:
i I
leln < PI < I3|,1

R O{R% <R <P, k=1..29 (8)
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WhereP'i,k and P, are the lower and upper bounds of Kith prohibited zone of unit k is the index of prohibited
zones £Q).

3. C-GRASP

Optimization problems arise in many situations whigaling with science and engineering. In many gase
convexity of the search space cannot be verifids tit is assumed that there are multiple localnmpin. Global
minimization, or optimization, which can be diserair continuous, consists of seeking a solution phnasents the
lowest value for the objective function analyzedthim all possible search space solutions. Suchlatien is called
global minimum, whereas local minimum is definedhigarly, but considering a bounded search spacemegalled
neighborhood.

In this context, C-GRASP was proposed by Hirstlal. (2006) considering a doma#in an-dimensional search
space, where an arbitrary solution is made gériablesxs,..., X,, with | < x < u, | andu being respectively the lower
and upper bound vectors, aha, u 0 O0". The minimization problem is to find the globalmmumx* to the objective
functionf(x), f: 0" - O.

procedure C-GRASIN, |, u, f(.), MaxIters MaxNumlterNolmproMNumTimesToRymMaxDirToTry, a)
2 for j = 1,...,NumTimesToRudo

3 X « UnifRandl, u); h —« 1; NumlterNolmprov- O;

4 for lter = 1,...,Maxltersdo

5 X « ConstructGreedyRandomizgdf(.), n, h, |, u, a);

6 X « Locallmprovemeifx, f(.), n, h, I, u, MaxDirToTry);

7 if f(x) <f* then

8 x* < x; f* — f(x); NumiterNolmprov— O;

9 else

10 NumliterNolmprov— NumlterNolmprow 1,

11 end if

12 if NumliterNolmprow MaxNumliterNolmprothen

13 h < h/2; NumlterNolmprov- 0; /* make the grid more dense */
14 end if

15 end for

16 end for

17 return (x*);

end C-GRASP

Figure 1. Pseudo-code for C-GRASP.

As earlier mentioned, C-GRASP is a multi-start ktstic search meta-heuristic, and uses a greedipmapned
procedure to generate input solutions for a locgrovement method. At Fig. 1, it can be seen thatiteration of the
algorithm consists of a series of construction kedl improvement cycles, and at each of theseesyftie discrete grid
of the search space is made denser. At the C-GRA8Rdo-codeyiaxiters MaxNumlterNolmprov, NumTimesToRun,
MaxDirToTry e a are input parameters and represent, respectitleymaximum number of construction and local
improvement cycles per main iteration; maximum nambf calls to the local improvement procedure whiea
solution is not improving; maximum number of mudtart iterations (main iterations); maximum numbgdirections
to be analyzed in the construction phase; and reqpant parameter to form the restricted candidestein the
construction phasd* represent$(x*), wherex* is the best solution found so férjs the discretization value for the
search spaceUnifRandl, u) is a procedure that defines a random spot in pheblem domain, and
ConstructGreedyRandomiZedf(.), n, h, |, u, a) andLocallmprovemertx, f(.), n, h, |, u, MaxDirToTry) are the calls to
the construction and local improvement phases, whéyve their respective pseudo-codes illustratddga. 2 and 3.

The goal of the construction phase is to produgeaa-quality solution from which to start a locabsch. In Fig. 2,
S represents the set of unfixed coordinatesxofvhich initially contains all coordinates and d&etend of the
construction phase contains nohaeSearckx, h, i, n, f(.), |, u) executes a linear discrete search atecoordinate
of X, seeking the valug that minimizes the objective function, with resptecthe discretization parameterg; is the
value for the objective function for the solutioritiwz. min and max keep the maximum and minimum valuesgpf
among all unfixed coordinates af Between the lines 12 and 17, a restricted catlilist RCL is formed, which
contains the unfixed coordinates that satisfy thaddion on line 14, where O [0,1]. RandomlySelectEleméRICL) is
a method that randomly selects an elemenR6GL, which will be the coordinate to be fixed, on lia8. Such a
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procedure ensures the randomness in the constiygtiase. As soon as all the coordinates are fikedsolutionx is
then returned from this phase.

procedure ConstructGreedyRandomizgdf(.), n, h, I, u, o)
1 S~ {1,2,..,n}

2 while S# 0do

3 Mmin — +c0; Max « —oo;

4 fori=1,..,ndo

5 if i 0 Sthen

6 Z ~ LineSearclx, h, i, n, f(.), 1, u);
7 g ~ f(2);

8 if min > g; then min — g;;
9 if max< g, then max < g;;
10 end if

11 end for

12 RCL ~ 0;

13 fori=1,..,ndo

14 if i 0 Sand g; < (1 —a).min + a.maxthen
15 RCL - RCLO {i}

16 end if

17 end for

18 j « RandomlySelectEleméRCL);

19 X < 2;S < S\{j}

20 end while

21 return (X);

end ConstructGreedyRandomized

Figure 2. Pseudo-code for the C-GRASP construgtiase.

procedure Locallmprovemerfx, (), n, h, I, u, MaxDirToTry)
1 Improved true; D « O;

2 xX* « x f* o« f(X);

3 NumDirToTry — min(3"— 1,MaxDirToTry);

4 while Improveddo

5 Improved — false

6 while |D| < NumDirToTryand not Improveddo
7 r — [UnifRandl, 3 - 1)|0D;

8 D - DO({r}

9 d < Ternary'(r); X « x* + h.d;

10 if | <x<uthen

11 if f(x) <f* then

12 X* < X f* — f(X);
13 D ~ 0;

14 Improved — true;
15 end if

16 end if

17 end while

18 end while

19 return (x*);

end Locallmprovement

Figure 3. Pseudo-code for the C-GRASP local impmasmt phase.

In the local improvement phase pseudo-code, thabhlasimproved D, r andd represent, respectively: a flag to the
occurrence of improvement on the evaluated diractioe set of directions already evaluated; a raavdom direction;
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and the directional vector that corresponds torkne direction. There ard' 3- 1 possible directions, amdin(3" — 1,
MaxDirToTry) defines the exact number of directions to beuatald, that is the least value between the totssipte
directions and the parametdaxDirToTry.[ UnifRand1, 3'— 1)| O D defines a random whole numbebetween 1 and
3" — 1, with uniform distribution and non-belongirm. Ternary'f) converts from decimal base to ternary base, then
exchanges each ‘2’ digit for a ‘—1’ digit, formiregn-dimensional vector of ‘1’s, ‘0’s and ‘-1's, whicworresponds to
the directional vectod.

The local improvement phase approximates the rolbeoobjective function gradient. From a givertialisolution,
this phase generates a series of directions, aedndees in which of the directions, if any, thgeative function value
improves. This procedure runs until a solutionoisrfd which is better evaluated then the other spording solutions
on all analyzed directions.

For more details on C-GRASP the reader is refewddirschet al. (2006).

4. SIMULATION RESULTS

The case study of 15 thermal units must satisfyaa Idemand oPp = 2650 MW and a system spinning reserve
requirement of 200 MW. The system data are predeintdab. 1 (Lee and Breipohl, 1993; Papageorgiudi Braga,
2007). The prohibited zones are given in Tab. 20Agthe thermal units, four of them (units 2, Sar@l 12) have
prohibited operating zones. The remaining unitstgimple operational zone.

The optimization method was implemented in MatldathWorks). All the programs were run on a 3.2 GHz
Pentium IV processor with 2 GB of random access argnin the case study, 50 independent runs weenfar the
optimization method involving 50 different inititial solutions.

Table 1. Data for the benchmark of 15 thermal units

Thermal unit| a($/h) | b($/MWh) | ¢($/MWH?) | P™(MW) | P™{MW) | spinning reserv&™(Mw)
1 671.03 10.07 0.000299 150 455 50
2 574.54 10.22 0.000183 150 455 0
3 374.59 8.8 0.001126 20 130 30
4 374.59 8.8 0.001126 20 130 30
5 461.37 104 0.000205 150 470 0
6 630.14 10.1 0.000301 135 460 0
7 548.2 9.87 0.000364 135 465 50
8 227.09 115 0.000338 60 300 50
9 173.72 11.21 0.000807 25 162 30
10 175.95 10.72 0.001203 20 160 30
11 186.86 11.21 0.003586 20 80 20
12 230.27 9.9 0.005513 20 80 0
13 225.28 13.12 0.000371 25 85 20
14 309.03 12.12 0.001929 15 55 40
15 323.79 12.41 0.004447 15 55 40

Table 2. Prohibited zones for the benchmark othEsrhal units.

Thermal| Zonel Zone 2 Zone 3
unit (MW) (MW) (MW)

2 [185-225]| [305-335] [420-45Q]

5 [180-200]| [260-335] [390-42Q]

6 [230-255]| [365—-395] [430-455]

12 [30-55] [65-75] -
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Table 3. C-GRASP input parameters values used.

Parameter Maxlters | MaxNumliterNolmprov NumTimesToRuf) MaxDirToTry | a
Value 200 20 20 30 0.4

The values for C-GRASP input parameters used mwulrk are given by Tab. 3. A key factor in the laggtion of
optimization methods is how the algorithm handlesdonstraints relating to the problem. In thiskyar penalty-based
method inspired in Noman and Iba (2008) was ugethis context, to avoid the violation of equalitynstraint given
by Eqg. (1) of the power balance criterion, a regamcess is applied to each solution in order targuotee that a
generated solution by C-GRASP will be feasible.

Table 4. Convergence results (50 runs) of a casly sif 15 thermal units

Optimization Minimum Maximum Mean Standard
Method Cost ($/h) Cost ($/h) Cost ($/h) Deviation ($/h)
QEA (Netoet al, 2010) 32548.48 32806.89 32679.54 6.410°
C-GRASP 32544 .97 32699.56 32575.35 5.410°

32 1 1 1 1 1 1 1 1 1
1] 20 40 G0 a0 100 1200 140 16O 180 200
generations

Figure 4. Convergence of meanfbfvalue for C-GRASP and QEA approaches in 50 runs.

Table 5. Best result (50 runs) obtained for thectady proposed in Lee and Breipohl (1993) usifgRASP.

Power Generation Power Generation Power Generation Power Generation

(MW) (MW) (MW) (MW)

P, 450.0 Ps 335.0 Py 25.0 P 25.0

P, 450.0 Ps 455.0 Pic 20.0 P14 15.0

P 130.0 P, 465.0 P11 20.0 Pis 15.0
15

P4 130.0 Ps 60.0 P 55.0 Z P 2650
i=1

Numerical results obtained for this case studygawren in Tab. 4 and Fig. 4, which showed that th&RASP has
both a better economic cost and lower mean cost tiha classical quantum-inspired evolutionary athar (QEA)
presented in Netet al (2010). The best result obtained for solutiontee®;, i = 1,...,15 by C-GRASP approach with
minimum cost of 32544.97 $/h is given in Tab. 5blEs6 compares the results obtained in this paftértiose of other
studies reported in the literature. Note that ie #tudied case, the best result reported here GHERASP is
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comparatively lower than results presented in Lie@ Breipohl (1993). However, the C-GRASP preseritedsame
best result of mixed integer quadratic programngirgposed in Papageorgiou and Fraga (2007).

Table 6. Comparison of best results for the econatisipatch optimization problem with 15 thermaltsras
presented by Lee and Breipohl (1993).

Optimization Technique Objective function value
Decision space decomposition method (Lee and Bh&ig993) 32549.80
QEA (Netoet al, 2010) 32548.4839
Mixed integer quadratic programming (Papageorgimiraga, 2007) 32544.97
C-GRASP (this paper) 32544.9700

Orero and Irving (1996presented a slightly modified version of the probleith 15 thermal units. The modified
version of this problem is essentially the saméhaspresented in Lee and Breipohl (1993) exceptlianges to three
parameters. Specifically, the changes are two efdst coefficientshy = 11.21 instead of 11.50 ard; = 10.21
instead of 11.21, and one of the bounds on the pgeserated, the lower bound on the 5th generaimghl05 MW
instead of 150 MW (Papageorgiou and Fraga, 2007).

Table 7 presents best result of C-GRASP (in 50)rand results in the literature for the 15 theroats problem as
presented in Orero and Irving (1996). Results uSiFGRASP found a solution better than the detemstimcrowding
genetic algorithm (Orero and Irving, 199&hd the particle swarm optimization (Jeyakuretial, 2006). The best
solution obtained using C-GRASP in 50 runs is presgin Tab. 8.

Table 7. Comparison of best results for the econdatisipatch problem with 15 thermal units as presstbty Orero
and Irving (1996).

Optimization Technique Objective function value
Deterministic crowding genetic algorithm (Orero dndng, 1996) 32514
QEA (Netoet al 2010) 32507.4852
Particle swarm optimization (Jeyakun&ral, 2006) 32506.3
Mixed integer quadratic programming (Papageorgimiraga, 2007) 32506.14
C-GRASP (this paper) 32506.1394

Table 8. Best result (50 runs) obtained for theecdsdy as presented by Orero and Irving (1996)guS-GRASP.

Power Generation Power Generation Power Generation Power Generation

(MW) (MW) (MW) (MW)

P, 455.0 Ps 260.0 Py 25.0 Pis 25.0

P, 455.0 Ps 460.0 P 20.0 P14 15.0

P; 130.0 P, 465.0 P11 60.0 Pis 15.0
15

P, 130.0 Ps 60.0 Py 75.0 Z P 2650
i=1

5. CONCLUSION

Recently, Hirsctet al. (2006) proposed C-GRASP, for minimization problemkich is a multi-start randomized
search algorithm, where a greedy randomized praeedeanerates input solutions for a local improvetmaathod.
Each iteration of this algorithm consists of a e®mdf construction and local improvement cyclesl, #e discrete grid
of the search space is made more dense as C-GRASR®

In this paper, the performance of C-GRASP was debtesolving a benchmark economic dispatch probdém5
generating units, which takes into account spinm@sgrve and prohibited operating zones constrlimsas found that
the C-GRASP approach handles well problems of kimisl. Furthermore, C-GRASP outperformed other masho
reported in literature in terms of best solutiontfte economic dispatch problem analyzed.

In general terms, simulation results reveal that GRGRASP algorithm works satisfactorily. In théuie studies,
other issues can also be addressed in economiatdisproblems, including transmission losses, vahviat loading
effect, and multiple fuels.
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