Electrical Power and Energy Systems 73 (2015) 456-464

Contents lists available at ScienceDirect = INTERNATIONAL JOURNAL OF
Erkcrricat

. POWER
Electrical Power and Energy Systems -
SR

journal homepage: www.elsevier.com/locate/ijepes aa

Teaching learning based optimization for economic load dispatch
problem considering valve point loading effect

@ CrossMark

Sumit Banerjee **, Deblina Maity °, Chandan Kumar Chanda°“

2 Electrical Engineering Department, Dr. B C Roy Engineering College, Durgapur 713206, India
Y Electrical Engineering Department, Netaji Subhash Engineering College, Kolkata 700152, India
€Electrical Engineering Department, Indian Institute of Engineering Science & Technology, Shibpur, Howrah 711103, India

ARTICLE INFO ABSTRACT

Article history:

Received 21 June 2014

Received in revised form 10 May 2015
Accepted 12 May 2015

This paper presents a novel teaching learning based optimization (TLBO) technique to solve economic
load dispatch (ELD) of the thermal unit without considering transmission losses. The proposed
methodology can take care of ELD considering nonlinearity such as valve point loading. The objective
of economic load dispatch is to determine the optimal power generation of the units to meet the load
demand, such that the overall cost of generation is minimized, while satisfying different operational
constraints. TLBO is a recently developed evolutionary algorithm based on two basic concepts of
education namely teaching phase and learning phase. At first, learners improve their knowledge through
the teaching methodology of teacher and finally learners increase their knowledge by interactions among
themselves. The effectiveness of the proposed algorithm has been verified on three different test systems
with equality and inequality constraints. Compared with the other existing techniques demonstrates the
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superiority of the proposed algorithm.
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Introduction

Recently the electrical power market becomes more competi-
tive. In order to survive in this situation, the optimal power gener-
ation is required which minimize the total cost. Economic load
dispatch determines low cost operation of a power system by
dispatching the power generation resources to supply the load.
The main objective of the ELD is to minimize the total cost of
generation while satisfying the operational constraints.

In the traditional ELD problem, the cost function for each gener-
ator has been presented by a quadratic function and is solved using
mathematical programming based optimization techniques such
as lambda iteration method and gradient-based method [1]. Basu
proposed artificial bee colony optimization technique to solve eco-
nomic dispatch problem considering transmission losses, multiple
fuels, etc. [2]. Problems of economic load dispatch including trans-
mission losses are solved using dynamic programming method [3].
But there was a problem of ‘curse of dimensionality’ or local opti-
mality. To overcome this problem several alternative methods are
developed such as differential evolution, tabu search, and particle
swarm optimization. Economic Load Dispatch that includes wind
power has been solved using quantum genetic algorithm [4].
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Pothiya et al. proposed a novel and efficient optimization approach
based on ant colony optimization for solving the economic dis-
patch problem with non-smooth cost functions [5]. An efficient
chaotic self-adaptive differential harmony search algorithm is pro-
posed to solve the complicated dynamic economic dispatch prob-
lem including valve point effect, ramp rate limits and prohibited
operating zone [6]. An integrated algorithm based on evolutionary
programming and simulated annealing is developed for solving
ELD problem in [7]. Hota et al. presented a newly developed
optimization approach involving a modified bacterial foraging
algorithm to solve economic load dispatch problem [8]. Multiple
tabu search algorithm is used to solve the economic dispatch prob-
lem by taking valve-point effects into consideration [9]. Enhanced
cross-entropy method is also proposed to solve dynamic economic
dispatch problem with valve-point effects [10]. In [11], Meng pro-
posed quantum-inspired particle swarm optimization to solve the
ELD problem. The method has stronger search ability and quicker
convergence speed with the ability to be used as a reliable tool
for solving ELD problem. Biogeography-based optimization algo-
rithm is used to solve the ELD problems of thermal plants [12].
Bhattacharya and Chattopadhyay proposed a hybrid technique
combining differential evolution with the biogeography-based
optimization algorithm in [13]. The searching ability of DE is
improved by using BBO algorithm. The ELD problems are solved
by using seeker optimization algorithm in [14] which exploits
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capability of human searching and understanding. In this algo-
rithm, the search direction is mapped on empirical gradient by
evaluating the response to the position changes and the step length
is based on uncertainty reasoning by using a simple fuzzy rule. In
[15], Chakraborty et al. presented quantum mechanics inspired
particle swarm optimization which is used to solve the ELD prob-
lem. An enhanced bee swarm optimization method is proposed in
[16] to solve the dynamic economic dispatch problem of thermal
units considering the valve-point effects, ramp-rate limits, and
the transmission power losses. To solve both complex and non-
complex economic load dispatch (ELD) problems of thermal plant,
a memetic algorithm, namely, aBBOmDE, is proposed in [17]. To
solve the economic load dispatch problem reinforcement learning
approaches is proposed in [18]. An artificial immune system based
on the clonal selection principle is proposed by Basu [19] for solv-
ing dynamic economic dispatch problem. In [20] clonal selection
based artificial immune system algorithm is used to solve the
dynamic economic dispatch problem for generating units with
valve-point effect. In [21], Nima and Hossain proposed to solve
the economic dispatch problem with valve loading effect by a
new modified differential evolution algorithm. The proposed
MDE algorithm is inspired from genetic algorithm, particle swarm
optimization and simulated annealing. An advanced parallelized
particle swarm optimization algorithm with modified stochastic
acceleration factors is proposed in [22] to solve large scale eco-
nomic dispatch problems with prohibited operating zones,
ramp-rate limits and transmission losses. In [23], Kumar et al. pro-
posed multi-agent based hybrid particle swarm optimization tech-
nique which is applied to solve the economic load dispatch
problem. This algorithm recovers the problem of PSO that is the
tuning of variables, randomness and uniqueness of solution.
Equal embedded algorithm has been used to solve the economic
load dispatch problem with quadratic and cubic fuel cost functions
and transmission losses [24]. The problems of dynamic economic
dispatch are also proposed to be solved by a modified particle
swarm optimization, which includes advantages of bacterial forag-
ing and PSO [25]. Vaisakh et al. proposed a heuristic optimization
methodology, namely, bacterial foraging PSO-DE algorithm which
is used to solve the economic load dispatch problems [26]. The
algorithm integrates bacterial foraging optimization algorithm,
particle swarm optimization and differential evolution for solving
non-smooth non-convex dynamic economic dispatch problem. In
[27], a heuristic algorithm is presented for solving economic dis-
patch problems including the valve-point effect, prohibited opera-
tion zones, ramp-rate constraints and transmission losses by
implementing iteration particle swarm optimization along with
time varying acceleration coefficients method. In [28], a differen-
tial harmony search algorithm is proposed by combining the
mechanisms of both differential evolution and harmony search to
solve ELD problem. A hybrid methodology integrating bee colony
optimization with sequential quadratic programming is proposed
by Basu [29] for solving dynamic economic dispatch problem of
generating units considering valve-point effects. In [30] an opti-
mization methodology is proposed which is based on hybrid shuf-
fled differential evolution algorithm which combines the benefits
of shuffled frog leaping algorithm and differential evolution, to
solve economic dispatch problem considering valve point loading
effects. In [31] a solution for multi-objective economic dispatch
problem with transmission losses is provided by semi-definite pro-
gramming formulation. A new method of solving ELD problem is
presented in [32] by integrating the classical gradient-based opti-
mization technique and a new enhanced simplified swarm opti-
mization algorithm. Abbas et al. proposed an efficient real-time
approach based on optimality condition decomposition technique

to solve dynamic economic dispatch problem [33]. Imperialist
competitive algorithm is proposed for solving non-convex dynamic
economic power dispatch problem [36]. Alsumait et al. proposed a
hybrid GA-PS-SQP method to solve power system valve-point eco-
nomic load dispatch problems [37]. A new approach and coding
scheme is used for solving economic dispatch problems (ED) in
power systems through an effortless hybrid method (EHM) [38].

This paper presents TLBO algorithm to solve ELD problem with
valve point loading effect of thermal plants without considering
transmission losses.

Section ‘Economic load dispatch’ describes the economic load
dispatch, Section ‘Teaching learning based optimization technique’
deals with teaching learning based optimization algorithm, and
section ‘Implementation of TLBO algorithm for ELD’ discusses the
implementation of TLBO algorithm to ELD, Section ‘Results and dis-
cussions’, presents the simulation results and performance analysis
and section ‘Conclusion’, the conclusion.

Economic load dispatch

The primary objective of ELD involves the optimization of fuel
cost. The problem is formulated as discussed below.

Objective functions

The classical economic dispatch problem of finding the optimal
combination of power generation which minimizes the total fuel
cost while satisfying the total required demand can be mathemat-
ically stated as follows:

Fi(P) = i:(aipiz + biP; + Ci) (1)
i-1

where
F{(P;): Total fuel cost ($/h).
a;, b;, ¢c;: Fuel cost coefficients of generator i.
P;: The generated power of generator i (MW).
n: Number of generators.

Constraints

The optimization problem is bounded by two types of
constraints

(i) Equality constraints
(ii) Inequality constraints

Equality constraints
System power balance

SO(Pi— Py P =0 @

i=1

where

Pp: Total load (MW),
P;: Transmission losses (MW).

The transmission losses can be represented as

PL=>"% "PiB;P; 3)

i=1 j=1

where Bj; transmission losses coefficient.
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Inequality constraints

Maximum and minimum limits of power generation

The generation power of each generator should lie between
maximum limit and minimum limit. That is

P < P < P (4)

where P"™ and P"™* are the minimum and maximum generation of
power.

Economic load dispatch with valve point loading. In ELD with “valve
point loadings”, objective function F is represented by a more com-
plex formula, given as (5). Variation of fuel cost “Fi(P;)” due to valve
point loading with the change of generation value is shown in
Fig. 1. The objective of economic load dispatch with valve point
loading is to minimize (5) subject to generator operating limit.

F = min (iﬂ(PJ)
i=1

n
= min <Za,-Pi2 + bij —+Ci +
i=1

e sin {f, « (PP - P)}D (5)

where a;, b;, ¢;, d;, e; are the cost coefficients of unit i.

Economic load dispatch with valve point loading for multiple
fuels. For a power system with n generators and ng fuel options
for each unit, the cost function of the generator with valve-point

loading is expressed as (6), where P}}}i" and P3* are the minimum
and maximum power generation limits of the ith generator with
fuel option k, respectively; ai, biw, Cik diw, €ix and fy are the

fuel-cost coefficients of generator i for fuel k.
F,'(Pi) = a,-kPiz + b,'kPi + Cik + ’eik % sin {fik * (Pg:in — Pik) }‘ (6)
If 7™ < P; < PR for fuel option k; k=1,2,...n.

Teaching learning based optimization technique

This optimization method is based on the relationship between
teacher and student in the class. It is influenced by the effect of a
teacher on the output of learners in a class. It is a population based
method and like other population based methods it uses a
population of solutions to get the global solution. A group of
learners constitute the population in TLBO. In any optimization
algorithms there are numbers of different design variables. The
different design variables in TLBO are represented as different

Without valve point

With valve point

The Cost of Generation, (S/hr)

Power Output, (MW)

Fig. 1. Input-output curve with valve-point loading. a, b, ¢, d, e—valve points.

subjects offered to learners and the learners’ result is analogous
to the “fitness”, as in other population-based optimization tech-
niques. As the teacher is considered the most learned person in
the society, the best solution is analogous to teacher in TLBO. The
algorithm of TLBO is divided into two parts. The first part consists
of “teacher phase” and the second part consists of “learner phase”.
The “teacher phase” means learning from the teacher and the “lear-
ner phase” means learning through the interaction between learners
in a class. Now, implementation of TLBO is described below.

Initialization

The population X is randomly initialized by a search space
bounded by matrix of N rows and D columns.
Where

N number of learners in a class i.e. “class size”.

D number of courses offered to the learners i.e. “no of designed
variables”.

MAXIT maximum number of allowable iterations.

The population X is randomly initialized which is bounded by
matrix of N rows and D columns. The jth parameter of the ith lear-
ner is assigned values randomly using the equation,

X9y = X"+ rand « (Xp> - X7 (7)

where rand represents a uniformly distributed random variable
within the range (0, 1), XJ'-’““ and X" represents the minimum
and maximum value for jth parameter.

Teacher phase

The mean parameter of each subject of the learners in the class
at generation g is given as

M = [m§,ms,....mé,... . mé] 8)

The learner with minimum objective function is represented as
the ‘Teacher’ (Xreacher)- The teacher tries to enhance the results of
other individuals (X;) by increasing the mean result of the class-
room (M?) toward his/her position Xreqcher. To Obtain a new set of
learners a random weighted differential vector is formed from
the current mean and the desired mean parameters and added to
the existing population of learners. The equation is

Xnewf = X¢ + rand (X%, ., — Tr * M) 9)

Teacher

Tr is the teaching factor. Value of Tr can be either 1 or 2. The value of
Tr is decided randomly with equal probability as,

T = round[1 + rand(0,1){2 — 1}] (10)

where T is not a parameter of the algorithm. Its value is randomly
decided by the algorithm using above Equation. However, the algo-
rithm is found to perform much better if the value of Tris either 1 or
2 and hence to simplify the algorithm, the teaching factor is sug-
gested to take either 1 or 2 depending on the rounding up criteria.

If Xnew# is found to be better than X? in generation g, than it
replaces on X{ otherwise it remains X?¥.

Learner phase

In the learner phase, the learners attempt to increase their
information by interacting with others. Therefore, an individual
learns new knowledge if the other individuals have more knowl-
edge than him/her. The random interaction among the learners
improves his or her knowledge. For a learner X£, randomly select
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another learner X# as i # r. The ith learner of the matrix Xnew? is
modified according the following equation.

Xnewf = X# +rand « (XF — X&) if f(X¥) < f(XE) (11)

Xnewf = X¥ +rand « (X8 —XF) if f(X¥) > f(XE) (12)

Algorithm termination

When the stopping criteria that means when MAXIT iteration is
completed, then the algorithm is stop, otherwise repeat from
‘Teacher Phase’.

Flowchart of TLBO algorithm

for solving economic load dispatch using TLBO technique are
described below.

Step 1

Read the system data which consists of fuel cost curve coeffi-
cients of generators, power generation limits and power demand.
All generators’ generation is to be initialized within power genera-
tion limits. Set time count t as one and repeat the following steps
for the scheduled iteration.

Step 2

Teacher phase will start. Mean value of all generators is deter-
mined. Calculate cost value of all population size. As ELD problem

| Initialize number of students (population), termination criterion |

v

Xiew = Xoa + 1 (X - X))
[

. . le
| Calculate the mean of each design variables [ \
| Identify the best solution (teacher) |

. R . =
Modify solution based on best solution Y
Xne\v = Xold +r (Xleacher - (TF) Mean) > %
7 =

©

&

Is new solution
better than existing?
| Select any two solutions randomly X; and X; |<7 \
Is X; better than X;?

£

o

Xnew = Xold +r (X_] - Xl) 5‘
! > =

&0

&

Is new solution
better than existing?

Is termination
criteria satisfied?

Final value of solution

Implementation of TLBO algorithm for ELD

The TLBO is implemented to ELD utilizing four main features.
Firstly, all units are initialized within the generator limits. Then
teacher phase will start. In teacher phase teacher is selected and
new generator matrix is formed according to the teacher phase
equation. In learner phase, again new generator matrix is to be pre-
pared by interchanging the one generator with other. Lastly when
stopping criteria is reached then algorithm is terminated. The steps

Table 1
Best power output for three generator system without considering transmission
losses (Pp = 585 MW).

Unit power output TLBO Classical PSO (34)
P; (MW) 268.8938 268.89

Py (MW) 2342651 234.266

P3 (MW) 81.8411 81.8412

Total generation cost ($/h) 5821.4 5821.44
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Table 2
Best power output for three generator system without considering transmission
losses (Pp =700 MW ).

Unit power output TLBO Classical PSO (34)
P; (MW) 322.9408 322.9451

P, (MW) 277.7256 277.7309

P; (MW) 99.3335 99.3354

Total generation cost ($/h) 6838.4 6888.4

is to minimize the cost function, fittest population size correspond-
ing minimum cost is selected as ‘teacher’. Then new generator
matrix is formed according to the following equation.

Xnew,-g = th + rand(xﬁeacher —Trx Mg) (13)

Xnewf = New generator matrix,
X# =Initialization generator matrix,
X& e = Fittest generator (teacher),

Mé# = Mean value of all generators.

Tr is the teaching factor. Value of Tr can be either 1 or 2. The
value of Tr is decided randomly with equal probability as,

Tr = round[1 + rand(0,1){2 — 1} (14)

If new generator matrix Xnewf is found to be a superior learner
than initialized generator matrix X? in generation g, than it replaces
inferior learner X# in the matrix.

Step 3

Learner phase will start. Here generation is improved by inter-
action with different learners. For a learner X# (ith population size),
another learner X£ (rth population size) is selected. The ith learner
of the matrix Xnewf is modified according the following equation.

Xnew? = X# +rand « (X8 — X&) if f(X¥) < f(XE)

Xnew? = X5 4 rand « (XE —X2) if f(X) > f(X?) (15)

Step 4

If the termination criterion is satisfied, the iterative process is
stopped. The termination criteria used in this work is the maxi-
mum number of iterations. The best fitness and the corresponding
generation retained in the memory at the end of the algorithm is
stored when termination criteria is satisfied.

Table 3
Best power output for three generator system without considering transmission
losses (Pp = 800 MW).

Unit power output TLBO Classical PSO (34)
P; (MW) 369.9383 369.9355

P, (MW) 315.5174 315.5187

P3 (MW) 114.5443 114.5438

Total generation cost ($/h) 7738.5 7738.51

Table 4
Comparison with different methods for three generator system without considering
transmission losses.

SI. No. Load demand Conventional GA method  TLBO
(MW) method ($/h) (34)  ($/h) (34) method ($/h)
1. 585 5821.45 5827.5 5821.4
. 700 6838.41 6877.2 6838.4
3. 800 7738.51 7756.8 7738.5

Pseudo code of TLBO

Set k=1

D = no. of generators

N = number of learners in a class i.e. population size.

X! in = Minimum value of generators.
X' = Maximum value of generators.

max

Generate initial students of the classroom i.e. generation of all
generators randomly.

Calculate objective function f (X) for whole students of the
classroom i.e. all generators.

WHILE (the termination conditions are not met)

{Teacher Phase}

Calculate the mean of each design variable M®,

Identify the best solution (teacher)

FORi —n

Calculate teaching factor T: = round[1 + rand(0,1){2 — 1}]
Modify solution based on best solution (teacher)

Xnewf = X§ + rand(X%, .., — Tr * M®)
Calculate objective function for new mapped student f (Xﬁ,ew)
IF X.,,, is better than X, f(X’,,,) < f(X)

Xl;lew =X )
Check whether X}, is within limits.
lF X;’ICW > leax
Xlnew = )_('max )
ELSE IF X, < X0
X;1ew = Xinin'
END

END IF {End of Teacher Phase}
{Learner Phase}
Randomly select another learner X', such that i » r
IF X' is better than X, i.e. f{iX") < fiX")
Xpew = X' + rand(0, 1)(X' — X)
ELSE
Xhew = X' +rand(0, 1)(X" — X*)
END IF
IF X',,, is better than X, f(X’,,,) < f(X)
Xl =X
new

Check whether X'

new
i i

IF Xnew >X max

Xi

—_x
new — X max X
ELSE IF X,,.,, < Xinin
X;‘lE‘W = X'min'
END
END IF {End of Learner Phase}
END FOR
Setk=k+1
END WHILE

is within limits.

Post process results and visualization.

Results and discussions

The applicability of the TLBO algorithm for practical application
has been tested in three test cases. Case 1 consists of three unit
systems [34], case 2 consists of thirteen unit system [35] and case
3 consists of forty unit system [35]. The programs are developed
using MATLAB 7.01 and the system configuration is Pentium IV
processor with 3.2 GHz speed and 1GB RAM. Computational
results are based on 30 trials.
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Table 5 7738.51 T T T T T T T T T
Best power output for three generator system with valve point loading without
considering transmission losses (Pp = 850 MW).
7738.509 | B
Unit power output TLBO
P (MW) 394.5243 7738.508 |- 1
P> (MW) 56.2764
Py (MW) 399.1993
Total generation cost($/h) 8280.9 g 7738.507 |r q
o
©
T 7738506 ]
5821.4393 T T T
7738.505 |- q
5821.4393 7 7738.504 |- T
- 7738.503 — e e e
5821.4393 0 200 400 600 800 1000 1200 1400 1600 1800 2000
% Cycle
S
5 08214393 1 Fig. 4. Convergence characteristic of 3-generator system for 800 MW.
Z
5821.4392 1
8460 T T T
5821.4392 1
8440 1
5821.4392 . . -
0 500 1000 1500 2000 84201 1
Cycle
8400 :
Fig. 2. Convergence characteristic of 3-generator system for 585 MW.
2 8380 .
o
g
2 8360f .
8340 1
83201 :
6838.435 1
83001 :
6838.43 1 8280 L= . . . . . . . .
100 200 300 400 500 600 700 800 900 1000
% Cycle
o
O L 4 - . .
3 6838.425 Fig. 5. Convergence characteristic of 3-generator system for 850 MW with consid-
Z ering valve point loading effect.
6838.42 T
6838.415 E Table 6
Best power output for thirteen generator system without considering transmission
losses (Pp = 1800 MW).
6838.41 L L L L L L L L L Unit power output TLBO
0 200 400 600 800 1000 1200 1400 1600 1800 2000
iteration Py (MwW) 364.9932
P, (MW) 227.9523
; ot P3 (MW) 217.4649
Fig. 3. Convergence characteristic of 3-generator system for 700 MW. P, (MW) 95.2258
Ps (MW) 106.6728
. Ps (MW) 123.5435
Setting of TLBO parameter P; (MW) 112.5300
Pg (MW) 144.2271
Similar to other optimization techniques, parameters such as g 9 (MMV\Q ég%%?
population size are to be determined before its implementation. P“’ EMW% 48.4754
. . . . . 11 &
IF is tq be detr_ermmed _that an mtermedlate_ value for the population Pi> (MW) 91.3640
size gives an increase in efficiency and a higher converged score for P53 (MW) 81.2393
the same number of generations. Following parameters are most fit Total generation cost($/h) 18141.6

for the TLBO algorithm.
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Table 7
Best power output for thirteen generator system with valve point loading without
considering transmission losses (Pp = 1800 MW).

Unit power output TLBO NN-EPSO (35)
P; (MW) 448.7988 490.0000
P, (MW) 224.6004 189.0000
P; (MW) 149.6106 214.0000
P, (MW) 109.8659 160.0000
Ps (MW) 109.8664 90.0000
Ps (MW) 109.8891 120.0000
P; (MW) 109.8607 103.0000
Pg (MW) 109.8962 88.0000
Py (MW) 109.9019 104.0000
P10 (MW) 77.3953 13.0000
Pyi (MW) 77.4043 58.0000
Py, (MW) 92.4209 66.0000
P13 (MW) 70.4896 55.0000
Total generation cost ($/h) 18,115 18442.59

Table 8
Best power output for thirteen generator system with valve point loading without
considering transmission losses (Pp = 2520 MW).

Unit power output TLBO GA [35] SA[35] GA-SA EP-SQP
[35] [35]
P; (MW) 623.5641 628.32 668.40 628.23 628.3136
P, (MW) 299.2522 356.49 359.78 299.22 299.0524
P; (MW) 299.2019 359.43 358.20 299.17 299.0474
P4 (MW) 159.7330 159.73 104.28 159.12 159.6399
Ps (MW) 159.7350 109.86 60.36 159.95 159.6560
Pg (MW) 159.7242 159.73 110.64 158.85 158.4831
P; (MW) 160.3826 159.63 162.12 157.26 159.6749
Pg (MW) 159.4098 159.73 163.03 159.93 159.7265
Py (MW) 159.3962 159.73 161.52 159.86 159.6653
P10 (MW) 773997 77.31 117.09 110.78 114.0334
P11 (MW) 77.4040 75.00 75.00 75.00 75.0000
P12 (MW) 92.3988 60.00 60.00 60.00 60.0000
P13 (MW) 92.3985 55.00 119.58 92.62 87.5884
Total generation cost 24,197 24398.23 2497091 24275.71 24266.44
($/h)

Case 1: Three unit systems

In this case a three unit system is solved for ELD using the pro-
posed TLBO algorithm. The generation cost coefficients and power
generation limits are taken from [34]. Here transmission losses are
neglected. The total production cost obtained for the three unit
systems of 585 MW, 700 MW and 800 MW without losses is
5821.4 $/h, 6838.4 $/h and 7738.5 $/h respectively. The details of
the power dispatch of each unit are given in Tables 1-3. Table 5
gives best power output with valve point loading without consid-
ering transmission losses for 850 MW. It can be seen that the
power output of the units in each iteration satisfies the generation.
Further, the sum of power generation of each unit for each iteration
equals the load demand. Table 4 provides comparison of the total
cost obtained using TLBO algorithm with that of other techniques
for without losses. It is clearly seen that the proposed method
shows better result than PSO, GA [34] while satisfying all the con-
straints considered. Thereby, it is clear that the new proposed algo-
rithm is efficient and cheap (in terms of generating cost) than the
other algorithms. In other words, the proposed algorithm is cap-
able of giving a more optimum solution. Figs. 2—-4 shows the graphs

1.8018 T T T T T T T T T

1.8016

1.8014

1.8012

1.801

Fuel Cost

1.8008 - b

1.8006 b

1.8004 1

1.8002 L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Cycle

Fig. 6. Convergence characteristic of 13-generator system for 1800 MW.

1.88 T T T T T T T T T

187 b

Fuel Cost

1.81 ‘ ‘ ‘ ‘
0 200 400 600 800

N N N N N
1000 1200 1400 1600 1800 2000

Cycle

Fig. 7. Convergence characteristic of 13-generator system for 1800 MW by
considering valve point loading effect.

between number of iterations vs. cost in $/h for load of 585 MW,
700 MW and 800 MW respectively. Fig. 5 shows convergence char-
acteristic of 3-generator system for 850 MW with considering
valve point loading effect.

Case 2: Thirteen unit system

In this case a thirteen unit system is solved for ELD using the
proposed TLBO algorithm. The generation cost coefficients and
power generation limits are taken from [35]. Here transmission
losses are neglected. Power generation limits and valve point load-
ing are also included. The corresponding dispatch of units without
considering transmission losses but with valve point loading is

Table 9

Comparison with different methods for thirteen generator system without considering transmission losses with valve point loading effect.
SlL. No. Load demand (MW) GA ($/h) [35] SA ($/h) [35] NN-EPSO ($/h) [35] GA-SA ($/h) [35] EP-SQP ($/h) [35] TLBO ($/h)
1. 1800 - - 18442.59 - - 18,115
2. 2520 24398.23 24970.91 - 24275.71 24266.44 24,197
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Fig. 8. Convergence characteristic of 13-generator system for 2520 MW by
considering valve point loading effect.

Table 10
Best power output for forty generator system with valve point loading without
considering transmission losses (Pp = 10500 MW).

Unit power output TLBO NN-EPSO (35)
P; (MW) 36.1161 114.0000
P, (MW) 37.9455 114.0000
P5 (MW) 61.8403 120.0000
P4 (MW) 93.4369 190.0000
Ps (MW) 83.3052 97.0000
Pg (MW) 120.2602 140.0000
P; (MW) 290.4140 300.0000
Pg (MW) 200.0000 300.0000
Po (MW) 293.7905 300.0000
P10 (MW) 210.5287 300.0000
P11 (MW) 337.4764 375.0000
P12 (MW) 249.7551 375.0000
P13 (MW) 380.7705 500.0000
P14 (MW) 125.2402 500.0000
Pi5 (MW) 487.4984 500.0000
P16 (MW) 500.0000 500.0000
P17 (MW) 319.7599 402.6000
P1g (MW) 237.2392 225.0000
P1o (MW) 516.5296 508.0000
Pyo (MW) 524.5736 458.0000
Py; (MW) 540.1990 356.0000
Py (MW) 549.3921 394.0000
Py3 (MW) 550.0000 355.0000
Pys (MW) 522.9545 525.0000
Pys (MW) 532.1005 310.0000
Pag (MW) 542.7990 448.0000
Py7 (MW) 56.7790 72.0000
Pyg (MW) 23.8696 131.0000
Pag (MW) 12.7165 75.0000
P30 (MW) 86.0264 67.0000
P31 (MW) 190.0000 151.0000
P32 (MW) 190.0000 112.0000
P33 (MW) 190.0000 139.0000
P34 (MW) 192.4549 90.0000
P35 (MW) 189.1622 129.0000
P36 (MW) 195.0759 104.0000
P37 (MW) 109.6457 36.0000
P3g (MW) 110.0000 89.0000
P39 (MW) 109.3120 104.0000
Pao (MW) 501.2304 550.0000
Total generation cost ($/h) 12,996 130328.325

shown in Table 6. The power output for each unit satisfies the gen-
eration limit constraints. Further, the sum of power generation of
each unit for each iteration equals the load demand. Table 7 shows

x10°
1.34 . . . . . . . . .
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1.33 B

1.325 B

Fuel Cost

1.315 b
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1 295 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Iteration

Fig. 9. Convergence characteristic of 40-generator system for 10,500 MW by
considering valve point loading effect.

best power output with valve point loading without considering
transmission losses for 1800 MW. It can be seen from Table 7 that
fuel cost obtained from TLBO is less which is compared with
NN-EPSO [35]. Table 8 gives best power output for 2250 MW and
it is compared with GA-SA [35], EP-SQP [35]. Table 9 provides com-
parison of other different methods without considering transmis-
sion losses but with valve point loading effect. It can be noticed
that the total cost is very much less in case of TLBO. Likewise the
computation time is also less. Fig. 6 shows the graph between
no. of iterations and cost in $/h for load of 1800 MW without con-
sidering transmission losses but with valve point loading effect.
Figs. 7 and 8 shows convergence characteristic for 1800 and
2520 MW respectively with considering valve point loading effect.

Case 3: Forty unit system

In this case a forty unit system is solved for ELD using the pro-
posed TLBO algorithm. The generation cost coefficients and power
generation limits are taken from [35]. In this case transmission
losses are not included and only power generation limits are
included. Valve point loading effect is also included. The corre-
sponding dispatch of units is shown in Table 10. The power output
for each unit satisfies the generation limit constraints. It can be
noticed that the total cost is very much less in case of TLBO.
Likewise the computation time is also less. It can be seen from
Table 10 that fuel cost obtained from TLBO is less compared with
NN-EPSO [35]. Fig. 9 shows convergence characteristic for
10,500 MW by considering valve point loading effect without con-
sidering transmission losses.

Conclusion

The teaching learning based optimization method has been suc-
cessfully implemented to solve economic load dispatch by consid-
ering valve point loading effect. Here transmission losses and other
constraints are not included. The proposed method is efficiently
and effectively applied on three different test systems. The com-
parison of the results with other existing methods reported in
the literature shows the superiority of the proposed method.
Here, TLBO is able to explore the solution space for obtaining the
global optimum solution. So, it can be concluded that TLBO tech-
nique is a promising method for solving ELD in power system
operation.
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