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Abstract: The modern power system around the world has grown
in complexity of interconnection and power demand. The focus
has shifted towards enhanced performance, low cost, reliable and
clean power. In this changed perspective, scarcity of energy
resources and increasing power generation cost necessitates
optimal economic load dispatch (ELD). The main objective of the
economic load dispatch problem is to determine the optimal
combination of power outputs of all generating units so as to
meet the required demand at minimum cost while satisfying the
constraints. Over the past decade, in order to solve economic load
dispatch problem, many salient methods have been developed
such as hierarchical numerical method, genetic algorithm,
evolutionary programming, neural network approaches,
differential evolution, particle swarm optimization, and the
hybrid methods. In this paper hybrid Simplex method is applied
to solve ELD problem, which is a local search method combined
with random exploitation of the worst point. Modifications in the
simplex method are made by adding random exploitation of the
worst point and by using multiple simplexes instead of a single
simplex. The promising result on the benchmark function shows
the applicability of the method for solving ELD problem. The test
results obtained for three and six generator system prove the
authentication of the method.

Keywords: Economic load dispatch, hybrid simplex method,
random exploitations, worst point, multiple simplexes.

1. INTRODUCTION

Economic dispatch is defined as the process of allocating
generation levels to the committed generating units so that the
system load may be supplied entirely and most economically.
Practically the ELD problem is nonlinear, non-convex with
multiple local optimal points due to the inclusion of valve
point loading effect, multiple fuel options with diverse
equality and inequality constraints. Over the past decade, in
order to solve economic load dispatch problem, many salient
methods have been developed such as hierarchical numerical
method, genetic algorithm, evolutionary programming, neural
network approaches, differential evolution, particle swarm
optimization, and the hybrid methods. Here hybrid simplex
method is used which is a local search method with
modifications of random exploitation of the worst point and
multiple simplexes instead of a single simplex. These
modifications are introduced in the simplex method to search

around the boundary of the feasible region and to control the
convergence speed of the method. After implementation of the
proposed method on the ELD problems, the results found were
robust.

2. REVIEW OF LITERATURE

There are several studies that have been contributed by many
researchers and engineers regarding the power system
problem, i.e. ELD problem. Fink [1] described the valve-point
loading logic which is intended to meet at any time in the most
economical fashion a generation commitment. Dhillon [4]
gave the economic emission load dispatch (EELD) problem is
a multiple non-commensurable objective problem that
minimizes both cost and emission together. Hou, et al. [6] has
applied versatile optimization algorithm called modified
particle swarm optimization algorithm (MPSO) for solving the
economic dispatch problem of power systems. Coelho, et al.
[10] demonstrated the feasibility of employing modified
Particle swarm optimization approaches for efficient solving
of economic load dispatch problems with generator
constraints. Each method has its own advantages and
disadvantages: however Hybrid simplex method provides
robust results.

3. PROBLEM FORMULATION

The ELD problem can be formulated as single objective and
multi objective problem which are nonlinear and non-convex
in nature. Single objective problem can be formulated as the
ELD without valve point effect, ELD with valve point loading
effect, ELD with valve point loading effect and multiple fuel
option. Multi objective formulation includes combined
emission economic dispatch, multi-area emission dispatch,
power generation under different utilities, maximization of
generated power and irrigation.

3.1 Objective Function

The primary objective of any ELD problem is to reduce the
operational cost by fulfilling the load demand within limit of
constraints. The various kinds of objective function
formulation are given below.
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3.1.1 Single Objective Economic Cost Function: Economic
cost function can be represented as a quadratic fuel cost
objective function.

n
Minimize: F'(Py;) = ZFi(Pgi) (1
i=1
F‘I'(Pgi):aipg%-i_bipgi-i_ci (Rs/h) 2

where &, ,EJ'E-, ©; = operating cost coefficients.
P_, = Real power generation and the decision variable.
1 = Number of generating plants.

F(P,) = Operating fuel cost of the Lth plant.

3.1.2 Economic Cost Function with Valve Point Loading:
The generating units with multiple valves in steam turbines are
available. The opening and closing of these valves are helpful
to maintain the active power balance. However it adds the
ripples in the cost function. This makes the objective function
highly nonlinear. The sinusoidal functions are added to the
quadratic function [8].

r I

Fip = (a.P.  +bE, +6)+ld; «sinle, « (B, ™ _p_,
(P.) %+ bPy o) + ld; +sinde i

=1

R
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where: P, min js the Minimum loading limit below which it is
uneconomical to operate the unit.

3.2 Economic Load Dispatch with Transmission Losses

The transmission losses may vary from 5to 15 per cent of the
total load. Therefore, it is essential to account for transmission
losses while developing the economic load dispatch policy.
The ELD optimization problem is defined as [8]:

n
Minimize: F(Pgi) = z F; (Pgi) Rs/h 4)
i=1

Subjected to:
The energy balance equation

= P =Ppt P, &)

i=1 ¥ gi

The inequality constraints are given
P, " < B, < P 3 (=12 . n) (6)

Where: P is real power demand and P; is the transmission
power loss.

The transmission loss expression is :

n — 1 W N L W' " s 2] ]
LT Yoo T Li=1 Higd gi 7 ai=1 &= gi Y fg7 MW (7)

With p,, and p,_; are the real power injections at the Ith and the

] . _ _ _ . .
Jth buses, respectively.B,,, ,,.5,;; are the loss coefficients
which are constant under certain assumed conditions.

For economic load dispatch without transmission losses, Py is
supposed to be zero in the above equations.

4. HYBRID SIMPLEX METHOD

In the hybrid simplex method the constraint violation and the
objective function are used separately. Both the constraint
violation and the objective function are optimized in such a
way that the constraint violation precedes the objective

function i.e. feasibility of X is more important than
minimization of f(x}. In the simplex method, a simplex is
spanned by multiple search points and the simplex shows the
region in which optimal solution will exist. However, when
the simplex method is applied to the constrained optimization
problems, points round the boundary of the feasible region are
skipped when the simplex is reduced. The hybrid simple
method avoids such skipping of the points of the feasible
region by adding random exploitation of the worst point and
by using multiple simplexes instead of a single simplex [3].

The following modifications are introduced in simplex method
for solving constrained optimization problems and thus this
method is called as hybrid simplex method.

e The first modification is the application of the

constrained method. The ordinary comparisons are
replaced by the « level comparisons.

e The second modification is the introduction of the random
exploitation of the worst point.

e The third modification is the introduction of multiple
simplexes. It is known that the simplex S sometimes loses
affine independence and the hybrid simplex method
cannot find optimal solutions as well. To avoid such
situation multiple simplexes are used in the hybrid
simplex method. In the initialization step, the N (= n + 1)

points are generated. As initial points. When the centroid
is determined, a simplex is composed by selecting the
1 | 1 points from all the points except the worst point

and the simplex is used as the centroid. The centroids are
defined by the different simplexes. So, even if some
simplexes lose affine independence, the other affine
independent simplexes can lead the search point. Here in
this paper, 1 + 2 search points have been taken because

1 + 1 points are used for simplex and one point is used

for the worst point.
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5. ALGORITHM FORMULATION x®=——F1ls (13)
izh

The following steps are being performed in solving economic

load dispatch problem using hybrid simplex method 5.4 Reflection Point

5.1 Simplex Formation The reflection point is found by using

The distance Erf_j between the vertices of the simplex is xT=(11a)x® ax” (14)

calculated

The simplex points 53 and 55 are found and then the simplex
is formed using the generalized form i.e.

I 0 5 =5, S .. 5

— el 1.2 Ny — L f2 % :
U= [x XX X ] =0 5, 5 S .. (1"‘-" = ‘}‘i—;—zj (8)

0 =5, 5, 5 - :

Poobd . Sy

0 5, 5, .. 5 5

The hybrid simplex is formed as:

§=[U+x™ (i=172..,m1) )

5.2 Objective Evaluation

The objective function is evaluated on these simplex points
and the membership function is found out using

f 1 ,ifg, =0

ﬁgzz\}bl—:;:,ifﬂigiiibf (10)
!«. 0 ,otherwise
(4 _ E_._I 1Ll =5

Hgj= : T (1
0 otherwise

where b; and b; are the proper positive fixed numbers. Here,

minimization is used for the combination operator so, the
satisfaction levels of g (x)and g, .(x) is combined using

ulx) = min (g (), 1 (x) } (12)

The sorting of the function values is carried out to find the
lowest (i.e. best), highest (i.e. worst), second highest (i.e.
second worst) points i.e. x:, x“, %% The value of the
objective function on these points is calculated f', ", f¥ and
correspondingly membership functions are also calculated and

arranged & (L.e.p’, u”, p®).
5.3 Centroid

From the simplex formed choose m + 1vertices from S
excluding the worst point and then the centroid is calculated
by

and correspondingly value of the objective function on this
point and membership functions { f© and y") are calculated.

5.5 Expansion Point

Calculate the expansion point X °
=14 b)x"— bxh (15)

The function value at this point is found and membership
function is also calculated { f* and u®). If the function value
at a point is better than the best point in the simplex then the
reflection is considered to have taken the simplex to a good
region in the search space. Thus, an expansion along the
direction from the centroid to the reflected point is performed
with the help of Eq. (15).The amount of expansion is

controlled by the factor b.

5.6 Contraction Point

The contraction point is found by using
" =1+ —ceat (16)

Then the correspondingly value of the objective function on
this point and membership functions [ f° and u°) are
calculated. If the function value at the reflected point is better
than the worst and worse than the next to worst point in the

simplex, a contraction is made with a positive € value.

If the function value at the reflected point is worse or equal to
the function value at the worst point then the contraction is

carried out with the negative ¢ value and is shown in Eq. (17)
x°=(1-¢c)x" + ex® (17)

5.7 Random Exploitation of the Worst Point

If the generated random number is less than the random
exploitation rate (p,, Jthen the random exploitation of the worst
point is performed. In which a second random number is
generated and is compared on the basis of the following
equation
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. JI '+ R - )R<O5 45 o (18) influenced by number of iterations. The test system which
L lx®—Re(x"— 2" otherwise o undergoes hybrid simplex optimization gives better
performance evaluation.
and the previous x " value with the new x " value is replaced. .
6.1 Standard Test Function
5.8 &t Level Comparison Minimize: f(x) = x%; + (x; — 1)? (23)
The £F level comparisons are defined by a lexicographic order Subjected to h(x) = x, — ?"-21 =10 (24)
in which u(x) precedes f(x), because the feasibility of x is
more important than the minimization of f{x). The £ (£} and where -1<x,£1 (i=12

u;{p;)are the function value and the satisfaction level
respectively, at a point x,{x,). Then for any & satisfying

0=a=1

=

the & level comparisons <_ and =,

Between (£, z.yand (f,, [,) are defined as follows

Wit

hi<fe fmu>a
fety) < () ofi<f if wy =, 19)
iy # iy, Otherwise
f:L = fz’ if Hyplp =a (20)
o) 25 (fom) = [fl =f. if iy =y
Hey = o, otherwise

The updation of & is performed by using Eq. (21)

gh; =

\J_ — mmms -

(0S4 it=0

| (1-Bla(t- 1)+ 20 <t < B gndltmod T, — 0)

{ ) S

| alt 1) 0 <t < 2 gnd{tmod T, # 0)

11 ¢ = max

‘ ‘ 1)

and set & = a[t)

5.9 Stopping criterion

The iterations will stop when the simplex S is converged
enough, such as when the function value at the worst point
minus the function value at the best point becomes sufficiently
small.

If* = f'l =« (22)

where t is the number of iterations.T___is the maximum

T

number of iterations.f is the parameter for controlling & level

and £ is the tolerance limit.

6. RESULTS

The implementation of hybrid simplex based optimization
technique is done on the test function, three generator and six
generator electrical power systems. The results are extensively

Variation of function value with respect to number of
iterations for the method is given in Figure.1.
1
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Figure.1. Variation of test function value w.r.t. no. of iterations

It is observed from the Figure.l that the hybrid simplex
method efficiently converges the standard test function
towards the minimum function value.

6.2 ELD without Valve Point Loading

Three generators and six generators power system problems
are undertaken to demonstrate the applicability of the method
to optimize the generation schedule.

6.2.1 Three Generator Electrical Power System:

The optimal generation schedule has been calculated for loads
160 MW and 210 MW. The achieved generation schedule for
prescribed loads by hybrid simplex method is given in Table 1
and Table 2.

Table 1 Generation schedule for three generator system for load
demand-160 MW

P By B By F P

(MW) | Tteration | (\W) (MW) (MW) Rsh) | W)
1 421732 399572 | 1009245 | 23172622 | 23.0369

3 430944 345335 | 1024144 | 22868239 | 200423

1600 § 343256 348515 | 1020251 | 22439335 | 164022
' 10 433086 235856 | 1016373 | 21913743 | 103513

14 400725 | 237406 978780 | 20995711 | 1.6911

20 400725 | 237406 978780 | 209935711 | 1.6911
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Table 2 Generation schedule for three generator system for load Table 3 Comparison of results for three generator system
demand-210 MW
Load P P, P F(Rsh) P,
ol g2 g3 L
Py |ltemtion | By P P F P PemandQtW) | Meed | oy | oy | amw) MW)
(MW) (MW) (MW) (MW) (Rs_‘h) (M“r) :I:zf:;tdescmt 38.9287 | 625528 | 41.4465 | 2163.73 | 2.92800
63.5579 53.6372 133.1796 | 30449656 | 42.3744 Conjugate 5514402 | 55.12446 | 54.7345 | 2150.07 | 5.002980
614912 | 484309 | 1367951 | 29803484 | 36.7172 R I I S E——
y 5 T Y 5 5 5 T ewton Raphsen | 57.55 .52, 9172 | 2176.023 [ 5.
o [T ia oz P s o
=hE - bbb - - - i bttt Hybrid simplex 40.0725 23.7406 978780 [ 20995711 | 1.6911
50.1128 33.6542 1412600 | 27434832 | 135.027 method
47 4399 313345 1416649 | 26936032 | 104393 Steepestdescent | 78.1483 | 78.9835 | 623287 | 2747.11 | 5.65090
[ A7 4 A5 4 / ) 7 4 method
L 414399 L3B5 | 1416649 | 26936032 | 104393 Comugate 73.99728 | 73.93180 | 7203531 | 2716.88 | 10.86448
210 gradient method
s . . R IS - 5. 4862 | 2741 303933
Variation in the operating cost has been depicted in Figure.2. EZ‘;S;R&D o | SIAIO Y 920165 ) 334802 1 2THLATE ) 8303555
and Figure.3. Hybrid simplex | 474399 | 313345 | 1416649 | 2693 6032 | 104393
method
2350 -
6.2.2 Six Generator Electrical Power System
2300
The optimal generation schedule has been calculated for load
20 1 1800 MW. Variation in the operating cost with respect to
2 00 iteration has been depicted in Figure.4.
o]
2150 7 18750
2100 | 18050 |
2050 T T T T 1 2 18550 -
0 5 10 15 2 25 < 18500
Iterations 1:23 |
Figure.2. Variation of cost w.r.t. number of iterations: Three ° * * Tterations * * e
generator with 160 load demand
Figure.4. Variation of function w.r.t. number of iterations: Six
s100 generator with 1800 load demand
3050
zggg Comparison of results obtained in this work by hybrid simplex
= 2000 method for load demand 1800MW for six generator power
S 250 system with the results obtained by steepest descent method
2800 [12], conjugate gradient method [12] and newton raphson
2750 method [8] are presented in Table 4.
2700
2650 w w w w w w Table 4 Comparison of results for six generator system
0 10 20 30 40 50 60
Iterations > > P- > > -P - 3 2
Method | | €2 |2 g |75 | gl L

(MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (Rsh) | (MW)
Steepest | 268.23 | 27653 | 502.77 | 37547 | 30633 | 10647 | 1863940 | 123.83

Figure.3. Variation of cost w.r.t. number of iterations: Three
generator with 210 load demand

descent

method
Comparison of results obtained by hybrid simplex method for Conjugate | 154421 371.07 | 41284 | 33049 | 40717 | 20695 | 18523.80 | 123.02
three generator electrical power system for load demand of E:S}i?cllt
160 MW and 210 MW with the results obtained by steepest Newton | 251.69| 303.77 | 50348 | 37232 | 30146 | 30146 | 1872139 | 130.15
descent method [12], conjugate gradient method [12] and Raphson

Newton-Raphson method [8] is presented in Table 3. Hybrid method

simplex method giVGS better results with low transmission ;[I}nblil;ix 228.04| 28141 | 489.87 | 354.51 | 349.44 | 185599 | 18328.88 | 89.25 |
losses those depend upon schedule. mer.ll;lod
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7. COMPARATIVE STUDY
2200

Newton-Raphson
2180 -

Steepest descent

2160 - Conjugate gradient
2140
2120
Hybrid simplex

2100 -

2080

2060

Figure.5. Operating cost comparison for load demand 160 MW
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2740 A
2730 A
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2700 - Hybtid simplex
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2680
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Figure.6. Operating cost comparison for load demand 210 MW

18800 -
Newton Raphson
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18300 -
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18100
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Figure.7. Operating cost comparison for load demand 1800 MW

Hybrid simplex method gives better results with lower
transmission losses. The following figures depict the
comparative operating costs of the steepest descent method,
conjugate gradient method, newton raphson method and
hybrid simplex method.

8. CONCLUSION

The effectiveness of the developed program is tested for test
function and for different generator set systems i.e. for 3-
generator and ©6-generator electrical power system. The
electrical power systems were taken considering valve point
loading and without valve point loading. The total cost
obtained from the hybrid simplex method is less as that of
steepest descent method, conjugate gradient method and
newton-raphson method. It is seen from Figure.5, Figure.6 and
Figure.7 that hybrid simplex method provides more robust
results as compared to the other three methods
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