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Abstract

Economic Dispatch (ED) problem is one of the main concerns of the power generation operations
which are basically solved to generate optimal amount of power from the generating units in the
system by minimizing the fuel cost and by satisfying the system constraints. The accuracy of ED
solutions is highly influenced by the fuel cost parameters of the generating units. Generally, the
parameters are subjected to transform due to aging process and other external issues. Further the
parameters associated with the transmission line modelling also change due to aforementioned
issues. The loss coefficients which are the functions of transmission line parameters get altered
from the original value over a time. Hence, the periodical estimation of these coefficients is highly
essential in power system problems for obtaining ideal solutions for ED problem. Estimating the
ideal parameters of the ED problem may be the best solution for this issue. This paper presents
the Teaching Learning Based Optimization (TLBO) algorithm to estimate the parameters asso-
ciated with ED problem. The estimation problem is formulated as an error minimization problem.
This work provides a frame work for the computation of coefficients for quadratic function, piece-
wise quadratic cost function, emission function, transmission line parameters and loss coefficients.
The effectiveness of TLBO is tested with 2 standard test systems and an Indian utility system.
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1. Introduction
1.1. Ideal Economic Dispatch

The economical operation of power system needs more accurate representation of fuel cost coefficients and
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transmission loss coefficients. Due to changing weather conditions and other external issues, the aforesaid coef-
ficients are not ideal and hence the existing parameters with ED solutions also change. Therefore, the objective
of this article is to revise the existing parameters for the Preferred Economic Dispatch (PED) solutions.

1.2. Literature Review

Various optimization techniques have been proposed by many researchers to deal with the parameter estimation
problems. To obtain the exact parameters for ED problems different parameter estimation rehearsal has been
projected to solve estimation problems in power systems. State estimation based technique such as Least Error
Square (LES) and least absolute value methods have been demonstrated. Among the two techniques, LES tech-
nigue has been the most famous static estimation technique and in use for a long time as the preferred technique
for optimum estimation of parameters. In general, some limitations and disadvantages are associated with this
approach. El-Hawary and Mansour conducted performance analysis of LES, Bard algorithm, Marquardt algo-
rithm and Powell regression algorithm for estimating coefficients [1]. The methods based on the least absolute
value approximations and curve fitting techniques have been reported for fuel cost coefficients estimation [2].
Two polynomial curve fitting methods, Gram-Schmidt orthonormalization and least square are also applied to
evaluate the fuel cost coefficients [3]. Further Henry Y. K. Chen and Charles E. Postel applied sequential re-
gression technique to online parameter estimation of input-output curves for thermal units [4].

Research endeavours indicate that the field of Transmission Line Parameters (TLP) estimation in power sys-
tem studies is less focused. Traditionally, tower and conductor geometric parameters, conductor type, assumed
ambient conditions etc., are utilized for estimating TLP [5]-[7]. The sending and receiving end voltage and cur-
rent phasors are utilized to derive the TLP and propagation constant [8]. The synchronized phasor measurements
at both ends of the transmission line emphasises the online parameter estimation [9]-[12]. Wagenaars et al., have
proposed the measurement method, based on a pulse response measurement, to determine the transmission line
parameters of the shield-to-phase and phase-to-phase modes [13]. Researchers have reported Newton-Raphson
based method for estimating TLP parameters utilizing the measurements of voltage, current and power [14].

A new category of classical optimization techniques has emerged to cope with some of the traditional algo-
rithms in the field of power system estimation problems. The heuristic techniques such as Genetic Algorithm
(GA) [15], Particle Swarm Optimization (PSO) [16] [17], Artificial Bee Colony (ABC) [18], Artificial Neural
Network (ANN) [19] [20], Fuzzy Logic (FL) [21], Ant Colony Optimization (ACO) [22] and Bacterial Foraging
Algorithm (BFA) [23]-[25] have been used for solving various estimation problems such as load forecasting,
state estimation and induction motor parameters.

1.3. Optimization Techniques

The heuristic techniques outperform the mathematical methods but their solution quality is sensitive to the algo-
rithmic controlling parameters like population size and number of generations. Besides common control para-
meters, different algorithms require their own algorithm specific control parameters. Major disadvantage of
ABC, PSO and GA are the presence of various parameters that need to be carefully tuned to reach acceptable es-
timation performance. Recently, TLBO, a nature inspired algorithm that is based on the effect of influence of a
teacher on the output of learners in a class [26] [27] is proposed. It is a powerful evolutionary algorithm that
maintains a population of students, where each student represents a potential solution to an optimisation problem.
Each searching generation includes initializing of class, teacher phase, learner phase and termination criterion.
The advantage of TLBO are simple, easy implementation and necessitates few control parameters for tuning that
make it suitable to implement for power system parameter estimation problems. TLBO is an algorithm-specific,
parameter-less algorithm that does not require any algorithm-specific parameters to be tuned [28]. This algo-
rithm can find the global solution for nonlinear constrained optimization problems with less computation effort
and high consistency [29]. The authors have proposed the TLBO algorithm for estimating the accurate parame-
ters of the input output characteristics of thermal units [30]. The adaptable properties of this algorithm encour-
age the authors to use TLBO as a parameter estimator.

1.4. Research Gap and Motivation

The most important issue in ED problem is to have an accurate estimate of parameters. The exact ED solution in
power generation and the estimation of parameters in transmission systems is an important task in power systems.
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The demonstration of literature review reveals that the estimation of accurate fuel cost coefficients and trans-
mission line parameters are carried out independently. The impact of change in transmission line parameters on
the loss coefficients of ED problem is seldom carried out. These points motivate us to contribute research in es-
timation of cost and emission coefficients, transmission line parameters and transmission loss coefficients for
the exact ED solution. The TLBO algorithm is implemented for solving parameter and ED problems on different
scale of test systems.

1.5. Highlights

Accurate parameters of different generator cost functions and transmission lines are estimated.
The preferred economic dispatch is carried out.

A 19 unit practical Indian utility system is considered.

A nature inspired TLBO is applied for both estimation of parameters and for solving ED problems.

1.6. Paper Organization

The rest of the paper is structured as follows: Problem formulation is explored in Section 2. Section 3 describes
the implementation for preferred ED. The detailed discussions about numerical results achieved by various test
systems are detailed in Section 4. Section 5 describes the potential verification of TLBO. Finally, Section 6
presents the conclusions of this article.

2. Problem Formulation
2.1. State of the Art Model

The state of the art multi objective ED model is presented as follows.
eiExi Sin( fiEXi (Pi,min - I:’I ))‘j

N " " .
+W2(zefiXIPi2+elliEXIPi+e§iXIj+ri izlvzl"';N
i=1

FCiEX| :Wl (Z aiE><| Pi2 + biEX| P| + CiE><| +
i=1

M

FCiEX' is a existing fuel cost function, N is the number of generating units and P; is the power generated by
ith generating unit. _
a’, b™, ¢ are the existing cost coefficients, ™,
e, e, e are the existing emission coefficients .
W, and W, are the weights of the function.

ri is the error associated with the ith equation.

fiEXi are the existing valve point coefficients and

. N N . N . .
Loss function: P™ =% PBP, +) B'P +By' +r i=12-N (2)
-1 j=1 i-1

PLEXf indicates existing transmission loss.

By, By, By are the existing transmission loss coefficients.

2.2. Proposed Parameter Estimation Problems

For preferred ED solution, the accurate parameters for fuel cost, emission, and transmission line and transmis-
sion loss are needed. Those parameters can be estimated by solving the following problems.

Cost coefficients Estimation, FC™ = Estimate [a, b, ¢, e, f]

Emission coefficients Estimation, E = Estimate [eq, €1, &;]

Transmission line parameters Estimation, TLP®' = Estimate [R, X, B]

Transmission loss coefficients Estimation, KC® = Estimate [Bij, Boi, Bool

In general to estimate the accurate parameters, the following function are used

Estimate | FC™, E*, TLP™,KC™ ] ©)
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2.3. Accurate Model Using Estimated Parameters

The cost function of generating unit is expressed using estimated coefficients as follows,
+le™ Sin( f,= (Pi,min -P ))D

+W (ZeEstPZ_i_ellfstP_i_eEstJ_i_ri i=1,2,"',N

N
FCiEst :Wl (Z aiEsl Pi2 + biEst F,I + CiEst
= 4)

where FC *is an estimated fuel cost.

a™ bESt ¢, e, 5, el e, el are the estimated cost coefficients, valve point coefficients
and emission coeff|C|ents respectively.
N N N
Loss function: P™ =% >"RBf*P, +Y B 'R +Bgy i=12,--,N (5)
i1 =1 i-1

B, By, By are the estimated transmission loss coefficients and P™ is the estimated transmission
loss.
2.4. Error Minimization

As detailed in [30], the error is estimated for fuel cost and emission coefficients as follows
The error at each step i can be calculated as,

Error =(FC™ - FC™') or (E™ - E™') (6)
n | F Exi = Est
%Error for Fuel cost =)’ FGO-FGT, 100 @)
i~ F EXI
n Est
% Error for Emission =) | ——— —E, %100 8)
k=1 Ei .

The % error for each step k of transmission line parameter is expressed as,

n ITLR® —TLR®
%Error =Y’ W
k

k=1

%100 ©)

The objective function is minimised subjected to physical limits of each coefficients and TLP.

3. Implementation of TLBO for Preferred Economic Dispatch (PED)

This section details the computational flows for parameter estimation and PED problems.

3.1. Parameter Estimation Procedure

Step 1: Read the required data for estimating the parameters, population size, maximum number of iterations
(Iterma), maximum and minimum limits of parameters (PA™", PA™).
Step 2:Randomly generate parameters using the following equation,

PA} = PA™ +rand, *(PA™ —PA™) i=1--,CG, j=1-,PS (10)

Step 3: Check for the constraint violation.
Step 4: If the limit is violated, then upgrade the parameters of the units using the following equation

PAmm (PAJ < PAmm)
P/ ={PA™;(PA' > PA™) (11)
PA’;(PA™ = PAl > PA™")
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Step 5: Calculate FC™! by using Equations (4).

Step 6: The error and % error associated with each measurement can be calculated by using Equations (6), (7),
(8) and (9).

Step 7: Teacher phase: Compute the difference between existing mean result and best mean by utilizing
teaching factor ().

Step 8: Learner phase: Evaluate the learners’ parameter values with the help of teacher’s parameter values.

Step 9: Update the parameters subject to constraints.

Step 10: Stopping Criterion: If Iter > Iterns print the optimal results, otherwise go to step 7.

3.2. Computational Flow of PED

Hence the estimated parameters are suitably achieved. The ED solution is carried out and the computational
flow is as follows in Figure 1.

4. Numerical Simulation Results and Discussion

This section presents three different test systems such as 10 unit, IEEE 30 bus and a practical Indian Utility sys-
tem to demonstrate the efficacy of the proposed solution technique for perfect estimate of parameters and pre-
ferred ED solutions. The algorithm is implemented in Matlab package and simulations are carried out on a per-
sonal computer having the configuration of Intel(R) core i3 CPU with 2 GB RAM. The following algorithmic
parameters are chosen for all cases in order to validate the performance of the algorithm: Population size = 10;

‘ Read system data and load demand ‘

v

| Initialize algorithm parameters |

v

| Randomly generate the problem variables (P; (7)) within the limits |

v

| Perform constraint handling scheme to satisfy power balance and generation limit constraints

12

| Compute fitness for PED problem subject to constraints |

Tter=1

v

Compute the mean of each generator value (P,,.,,) and identify the best
generator value (Peqcher)

¥

Shift Py towards Pregere- and evaluate P, ;using
Prew, i = P; + rand (Pacher - WgPuear) and apply constraint handling scheme
v
Compare fitness solutions and keep the best using,
i Puei) <SfP), Pi = Prevsi s S Prewi) Zf(P), Pi = Pi.
11
Modify P, in learner phase using
Pnew,i = P; + rand(P; - P;) if f (P) <f(P;) or
Pnew,i = P; + rand (P;- P) if f (P) > f (P)
and apply constraint handling scheme

L2

Calculate and compare fitness solutions and keep the best ED solution

Teacher Phase

LearnerPhase

Iter = Iter + 1

| Print dispatch results |

Figure 1. Flowchart for preferred economic dispatch using TLBO.
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Maximum number of iterations = 120.

4.1. Test System 1: 10 Unit System with Piecewise Quadratic Functions

This test system consists of 10-generating units in which each unit has two or three fuel options like coal, oil and
gas. As more than one fuel is used, the generator input-output characteristic is expressed as a piecewise quadrat-
ic function. The valve point effects are also considered. The test system data is available in [31].

The generator characteristic is expressed as a piecewise quadratic function including valve point effects in-
creases the number of variables to be estimated. In this test system, the generator 1 has two fuel options and the
remaining units have three fuel options. It is specified that the fuel 2 is uneconomical for generator 9. The simu-
lation is carried out using the proposed TLBO which acquires new values for cost coefficients and are presented
in the Table 1. The estimation process has been performed for each generation level and the results of existing

Table 1. Estimation of piecewise quadratic cost function coefficients using TLBO-10 unit system.

Unit

10

P (MW) Fuel Coefficients estimated by TLBO FC™ ($/h) FCE ($/h) Serror
Min  Max  yPe aj b; Ci e fi Min Max Min Max TLBO  ABC
100 196 1 2519938 —0.380846 0.0021609 0.025324 —3.028257 8.980000 32.6800 8.723994 33.59283 1.168802 3.98151
196 250 2 20.03000 —0.305900 0.0018897 0.021337 —3.009000 32.66577 60.9879 32.67157 61.67932 0.697156 2.81373
50 114 2 1.816721 —0.037780 0.0011015 0.001901 —0.410800 22.54490 48.4386 23.48145 49.14125 1639115 3.25496
114 157 3 12.94016 —0.198000 0.0016731 0.013159 —1.880000 2.716000 12.1088 2.681891 11.82574 0.317203 2.75457
157 230 1 120.6888 —1.282684 0.0042228 0.112869 —11.94430 12.13152 22.4996 12.12238 23.09567 0.605175 2.93069
200 332 1 39.04620 —0.305817 0.0014527 0.039875 —3.115954 35.75000 96.9444 35.98904 97.64218 0.936732 159272
332 388 3 —2.97500 0.032890 0.0008075 —0.002976 0.336952 131.3536 187.056 131.7986 187.3240 0.712539 1.27426
388 500 2 -58.1400 0.484892 1.196E—05 —0.058140 4.764000 96.94140 131.236 96.94769 131.3470 0.116458 1.66413
99 138 1 1.990265 —0.031040 0.0010434 0.001982 —0.310400 9.181389 17.6636 9.143991 17.57876 0.122282 1.15842
138 200 2 5294079 —0.633800 0.0027499 0.053850 —6.248000 17.77095 36.2506 17.84586 36.22169 0.103847 0.43500
200 265 3 258.6681 —2.290143 0.0058688 0.269957 —22.39430 36.60000 64.2124 35.39341 64.15721 1261771 4.91182
190 338 1 13.80777 —0.088330 0.0010722 0.013720 —0.870300 35.80990 106.192 35.73286 106.449 0.333505 1.15977
338 407 2 99.87032 —0.515692 0.0015799 0.099573 —5.182580 106.2448 152504 106.0639 151.7490 0.936775 5.70216
407 490 3 -52.9900 0.445057 0.0001478 —0.053890 4.560945 152.4276 200.634 152.6311 200.6286 0.208988 0.41948
138 200 1 52.95000 —0.631800 0.0027309 0.052750 —6.308000 17.77095 36.2506 17.76962 35.88033 0.371620 159502
85 138 2 1976247 —0.031040 0.0010540 0.001973 —0.310400 6.915125 17.6642 6.952709 17.76567 0.139008 0.91532
200 265 3 265.4849 —2.333976 0.0059502 0.261282 —23.28925 36.60000 64.2124 36.69646 64.94455 0.828617 2.44408
200 331 1 18.88226 —0.132500 0.0011050 0.018850 —1.355000 36.71000 96.3699 36.58365 96.11233 0.383942 2.96959

331 391 2 44.00000 —0.220000 0.0011464 0.043769 —2.211000 96.37086 133.271 96.77999 133.2703 0.410536 1.94797
391 500 3 —43.0000 0.356873 0.0002422 —0.043000 3.552032 133.3239 195.993 133.5603 196.0080 0.251265 2.66318
99 138 1 1.984912 —0.031000 0.0010294 0.001992 —0.310000 9.181389 17.6636 9.005129 17.31185 0.528055 1.15768
138 200 2 52.76360 —0.630000 0.0027294 0.052870 —6.375000 17.77095 36.2506 17.80167 35.96774 0.313608 1.13761
200 265 3 266.5000 —2.330000 0.0059150 0.260000 —23.00000 36.60000 64.2124 37.10000 64.53166 0.819262 4.66804
213 370 1 88.56713 —0.566963 0.0015544 0.088509 —5.684923 38.15592 91.3812 38.32396 91.61140 0.398192 2.68979
130 213 3 14.20019 —0.018100 0.0006124 0.014100 —0.181000 22.21239 38.1385 22.19758 38.14001 0.016320 1.07008
370 440 3 14.10104 —0.018100 0.0006111 0.014280 —0.181000 91.30359 124.739 91.06478 124.4491 0.529615 5.65214
200 362 1 13.99000 —0.099100 0.0011054 0.013887 —0.992500 38.17400 122.414 38.38720 122.9832 0.781727 1.87694
362 407 3 46.65000 —0.201400 0.0011360 0.046801 —2.014000 152.6864 198.035 152.7299 198.0353 0.043682 1.10165
407 490 2 —61.0900 0.508437 4.157E-05 —0.061100 5.074000 122.4382 152.677 122.6075 152.8768 0.368904 1.08521
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fuel cost (FC®) and estimated fuel cost (FC) are presented independently for each fuel type in the Table 1.
The error is also computed by comparing FC® and FC® using Equation (6). The obtained error using the pro-
posed algorithm is compared with ABC algorithm which clearly illustrates the superiority of TLBO over other
algorithm.

The ED is carried out separately considering both existing and estimated fuel cost coefficients. The obtained
results for various demands are presented in Table 2 along with % error, which clearly illustrates the impact of
estimated coefficients on ED problem.

4.2, Test System 2: IEEE 30 Bus System

The TLBO algorithm has been executed on the test system consists of six generating units interconnected with
41 branches of transmission lines. Generator data, emission characteristics and line data are obtained from [32].
TLBO algorithm is applied to estimate the cost, emission coefficients and transmission line parameters. For each
unit, the fuel cost and emission coefficients are computed. Table 3 and Table 4 show the TLBO outcomes of the

Table 2. Economic dispatch with improved parameters for 10 unit system.

Demand (MW) FC™ ($/h) FC™' ($/h) % Error
2500 525.7539 532.2159 1.22090
2600 608.7376 615.3032 1.07856
2700 627.2440 634.3932 1.13978

Table 3. Estimation of quadratic cost function coefficients by TLBO-IEEE 30 bus system.

Coefficients ;
Unit P (MW) FC & ($/h) FC & ($/h) Error Total Error
Existing TLBO

50 a 0.00375 0.003709 109.375 109.6930 0.318013

1 125 bi 2.00000 2.008420 308.594 300.0026 0.408860 0.763171
200 G 0.00000 0.000000 550.000 550.0363 0.036298
20 a 0.01750 0.017377 42.0000 41.95063 0.049366

2 60 by 1.75000 1.750000 168.000 167.5557 0.444297 1.283524
80 ci 0.00000 0.000000 252,000 2512101 0.789861
15 a 0.06250 0.061676 29.0625 29.55164 0.489144

3 30 b 1.00000 1.044963 86.2500 86.85768 0.607683 1.286063
50 G 0.00000 0.000000 206.250 206.4392 0.189236
10 a 0.00834 0.008000 33.3340 33.30000 0.034000

4 20 by 3.25000 3.250000 68.3360 68.20000 0.136000 0.586500
35 G 0.00000 0.000000 123.967 123.5500 0.416500
10 a 0.02500 0.022322 32,5000 33.03565 0.535646

5 20 b 3.00000 3.080341 70.0000 70.53576 0.535763 1.071758
30 G 0.00000 0.000000 112,500 112.5003 0.000349
12 a 0.02500 0.023081 39.6000 4022570 0.625698

6 25 by 3.00000 3.075169 90.6250 91.30487 0.679869 1.369166
40 G 0.00000 0.000000 160.000 159.9364 0.063598

O,
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Table 4. Estimation of emission function coefficients by TLBO-IEEE 30 bus system.

Coefficients »
Unit P (MW) E™ (Kg/h) E™ (Kg/h) Error Total Error
Existing TLBO

50 €oi 0.01260 0.012470 -0.5170 —0.01556 0.501437

1 125 €1 —-1.1000 —1.08064 82.3580 82.60794 0.249943 2.212806
200 i 22.9830 22.84106 306.983 305.5216 1.461426
20 €oi 0.0200 0.019823 31.3130 31.64200 0.329003

2 60 e —0.1000 —0.08000 91.3130 91.87402 0.561024 1.354070
80 [ 25.3130 25.31300 145.313 145.7770 0.464043
15 €oi 0.02700 0.026724 31.4300 31.29213 0.137871

3 30 €1 —-0.0100 —0.00900 49.5050 49.19559 0.309407 1.178847
50 i 25.5050 25.41431 92.5050 91.77343 0.731569
10 €oi 0.02910 0.028212 27.7600 27.81122 0.051223

4 20 e —0.0050 —0.00100 36.4400 36.26489 0.175107 1.073847
35 [ 24.9000 25.00000 60.3725 59.52498 0.847516
10 €oi 0.02900 0.030000 27.5600 26.67813 0.881871

5 20 e —0.0040 —0.00100 36.2200 35.66813 0.551871 1.455612
30 i 24.7000 23.68813 50.6800 50.65813 0.021871
12 €oi 0.02710 0.028000 29.1364 28.48005 0.656352

6 25 ey —0.0055 —0.00500 42.1000 41.88305 0.216952 1.541352
40 [ 25.3000 24.50805 68.4400 69.10805 0.668048

estimated coefficients. Existing fuel cost and existing emission for three different power generations are com-
pared with its FC™ and E¥ and it is found that those values are very close to each other. The new values of
coefficients and their related total error are presented in the Table 3 and Table 4. From the results the error ob-
tained by TLBO for all specified output of generating units is less which shows the accurate estimation of the
system parameters.

TLP are obtained using Equations (A.2-A.5) for each line and the estimated TLP results are listed in Table 5.
The estimated TLP values are compared with base case values and the percentage error is computed using Equa-
tion (9). The % error values for transmission lines are almost close to zero except for the lines 24 and 29 for
which the TLP values are above 1. The efficiency of transmission lines 11-16, 37 are high as compared to other
transmission lines, due to the presence of three winding transformer in the transmission lines. The estimated R,
X, B values for each transmission line are presented in Table 5. The estimated transmission loss coefficients us-
ing Equations (A.10-A.11) are detailed in the Table 6.

By using existing parameters, economic emission dispatch is carried out and the results are listed in Table 7.
The dispatch results are obtained for three different load demands of 275 MW, 284.4 MW and 300 MW. With
the new estimated parameters for fuel cost function, emission and loss, the multi-objective ED problem is solved
and the results are compared with the existing results. From the results, the percentage deviation of fuel cost,
emission and network loss for estimated parameters are slightly elevated as compared to the existing parameters.
The % error of all these values reveals the impact of accurate parameter estimation for ED problems.

4.3. Test System 3: 62 Bus Indian Utility System

In this case, a 62 bus Indian utility system is considered for estimating the improved parameters by using the
proposed algorithm. The chosen test system consists of nineteen power producers, eighty nine (220KV) lines
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Table 5. Estimation of transmission line parameters for IEEE 30 bus system (in p.u).

Bus Estimated % Error with respect to given data %Efficiency

nl nr R X B Re Xe B. Base Case TLBO

1 2 0.019100 0.057400 0.02640 0.52 0.17 0.00 97.0336 97.014

1 3 0.045143 0.185000 0.02040 0.13 0.11 0.00 96.7376 96.6021
2 4 0.056500 0.173500 0.01830 0.88 0.12 0.54 97.6514 97.5072
3 4 0.013200 0.037700 0.00416 0.00 0.53 0.95 99.0193 99.0112
2 5 0.047150 0.198100 0.02080 0.11 0.10 0.48 96.5316 96.4118
2 6 0.057894 0.176000 0.01860 0.35 0.17 0.53 96.8020 96.7192
4 6 0.011900 0.041194 0.00446 0.00 0.50 0.89 99.1441 99.1147
5 7 0.045600 0.114000 0.01010 0.87 0.60 0.98 98.9923 98.6166
6 7 0.026672 0.080000 0.00840 0.10 0.73 0.47 99.0280 99.0081
6 8 0.012000 0.041600 0.00470 0.00 0.95 0.67 99.6538 99.339%4
6 9 0.000000 0.208000 0.00000 0.00 0.00 0.00 100.000 100.000
6 10 0.000000 0.553000 0.00000 0.00 0.54 0.00 100.000 100.000
9 11 0.000000 0.206000 0.00000 0.00 0.96 0.00 100.000 100.000
9 10 0.000000 0.109000 0.00000 0.00 0.91 0.00 100.000 100.000
4 12 0.000000 0.253000 0.00000 0.00 0.55 0.00 100.000 100.000
12 13 0.000000 0.139800 0.00000 0.00 0.14 0.00 100.000 100.000
12 14 0.123100 0.255600 0.00000 0.00 0.12 0.00 99.0801 99.0584
12 15 0.066196 0.130100 0.00000 0.01 0.23 0.00 98.8170 98.7090
12 16 0.094500 0.198500 0.00000 0.00 0.10 0.00 99.2953 99.2099
14 15 0.220121 0.199500 0.00000 0.40 0.10 0.00 99.6200 99.5142
16 17 0.082396 0.192017 0.00000 0.00 0.15 0.00 99.6856 99.5790
15 18 0.107300 0.218300 0.00000 0.00 0.09 0.00 99.3638 99.2110
18 19 0.063900 0.129090 0.00000 0.00 0.09 0.00 99.8418 99.7114
19 20 0.031000 0.068000 0.00000 1.18 0.00 0.00 99.7729 99.2677
10 20 0.093526 0.207000 0.00000 0.08 0.96 0.00 99.0979 99.0061
10 17 0.032285 0.084200 0.00000 0.35 0.36 0.00 99.7364 99.4325
10 21 0.034499 0.074500 0.00000 0.86 0.53 0.00 99.3010 99.1052
10 22 0.072300 0.149700 0.00000 0.55 0.13 0.00 99.3219 99.2125
21 22 0.011200 0.023600 0.00000 1.03 0.00 0.00 99.9496 99.8451
15 23 0.099858 0.200000 0.00000 0.14 0.99 0.00 99.3771 99.0043
22 24 0.114842 0.178100 0.00000 0.14 0.50 0.00 99.2247 99.1239
23 24 0.131505 0.268000 0.00000 0.37 0.74 0.00 99.6375 99.1248
24 25 0.188200 0.329000 0.00000 0.16 0.03 0.00 99.4132 99.0121
25 26 0.254154 0.378000 0.00000 0.10 0.53 0.00 98.7084 98.2095
25 27 0.109100 0.208700 0.00000 0.18 0.00 0.00 99.5007 99.4003
28 27 0.000000 0.393000 0.00000 0.00 0.76 0.00 100.000 100.000
27 29 0.219621 0.415000 0.00000 0.08 0.07 0.00 98.6190 98.6171
27 30 0.320200 0.602500 0.00000 0.00 0.03 0.00 97.7849 97.7771
29 30 0.239820 0.453000 0.00000 0.03 0.07 0.00 99.1302 99.0330
8 28 0.063600 0.197967 0.02140 0.00 1.02 0.00 100.000 99.9900
6 28 0.016900 0.059898 0.06480 0.00 0.00 0.31 99.6877 99.6425

nl: start bus of a line; nr: end bus of a line; Re, Xe and Be: Errors in TLP.

©,
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Table 6. Estimated B-Coefficients for IEEE 30 bus system.

0.021757 0.010710 —0.00084 —0.00059 0.000804 0.003558
0.010710 0.018204 —0.00076 —0.00093 0.000581 0.002856
—0.00084 —0.00076 0.020189 —0.00920 —0.00927 —0.00636
B —0.00059 —0.00093 —0.00920 0.017105 0.006700 0.003504
0.000804 0.000581 —0.00927 0.006700 0.016060 —0.00011
| 0.003558 0.002856 —0.00636 0.003504 —0.00011 0.025026 |
Bio = 1.65E—-05 0.002078 —0.00351 0.002386 0.001136 0.003069 :|
Boo = [ 0.001409 :I

Table 7. Economic emission dispatch with improved parameters for IEEE 30 unit system.

Demand FCExi FCEst 0 EExi EEst 0 PLExi PLEst 0
(Mw) ($/h) ($/h) % Error (Kg/h) (Kg/h) % Error (MW) (MW) % Error
275.0 568.67 568.74 0.01231 331.71 337.88 1.86006 5.72 5.97 4.37063
283.4 591.51 591.94 0.07270 346.00 348.25 0.65029 5.74 6.06 5.57491
300.0 638.20 640.68 0.38859 390.59 394.16 0.91400 7.43 7.74 4.17227

with eleven tap changing transformers. The bus, line and generator data of the test system are taken from [32].

The proposed method of determining the improved parameters is applied for the chosen test system and the
obtained results are listed in Table 8. For each unit the fuel costs using improved parameters for three different
real power outputs are also specified. In comparison with base case values the error is calculated for each gene-
rating unit. The obtained error is small which reveals that the estimation of the coefficient is accurate.

Further the estimation of TLP is carried out using A.2-A.5. The obtained TLP values by TLBO algorithm are
listed in Table 9. The % error values for each transmission line are close to zero, except for few lines, which
shows that the obtained TLP values are accurate. With the improved TLP values, the transmission line efficien-
cy is calculated and is listed in Table 9. It is also inferred from Table 9 that the efficiency of each transmission
line obtained using TLBO is nearly the same as compared to the base case.

The PED is carried out with improved cost coefficients of generators and improved TLP for three different
load demands of 2900 MW, 2967 MW, 3200 MW are obtained and the results are presented in Table 10. The
estimated transmission loss coefficients using Equations (A.10-A.11) are presented in the Table 11. The results
obtained are compared with the existing fuel cost and loss and the % deviation of fuel cost and transmission loss
is computed and presented. The obtained results clearly illustrate the impact of improved parameters on ED
problem.

5. Potential Verification of TLBO
5.1. Solution Quality

Using the proposed algorithm several runs have been carried out by varying the population size.In this analysis
there is no larger difference in the average fitness value above the population size of 10. Hence the population
size of 10 is preferred for all estimation process. The simulations are performed to estimate the quadratic cost
function coefficients, piecewise quadratic valve point coefficients, emission coefficients, transmission line pa-
rameters and transmission loss coefficients using three different test cases. For these cases the existing coeffi-
cients at the time of installation are only available, hence the obtained improved parameters are compared with
only these values. From the obtained simulation results, the cost coefficients, emission coefficients and trans-
mission line parameters are very close to the existing values and are presented in Tables 2-6 and Tables 8-10.
The comparisons of total error in each case clearly indicate that the proposed method provides the best estimate
of accurate coefficients.
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Table 8. Estimation of quadratic cost function coefficients using TLBO-62 Bus systems.

Unit

10

11

12

P (MW)

50
150
300

50
200
450

50
200
450

50
100
50
150
300
50
200
450
50
100
200
50
250
500

300
600

50
100
50
100
150

25
50

aj
bi
Ci
aj
bi
Ci
aj
bi
Ci

ai

Ci

Qi

Ci

aj

Ci

Qi

Ci

aj

Ci

aj

Ci

aj

Ci

aj

Ci

aj

Ci

Coefficients
Existing
0.0070
6.8000
95.000
0.0055
4.0000
30.000
0.0055
4.0000
45.000
0.0025
0.8500
10.000
0.0060
4.6000
20.000
0.0055
4.0000
90.000
0.0065
4.7000
42.000
0.0075
5.0000
46.000
0.0085
6.0000
55.000
0.0020
0.5000
58.000
0.0045
1.6000
65.000
0.0025
0.8500

78.000

FC® (Rs/h)

TLBO
0.007000
6.805155
94.23022
0.005473
4.013154
29.56281
0.005500
4.002228
4439751
0.002500
0.850000
9.569746
0.006000
4.600000
19.60220
0.005500
4.000000
89.65524
0.006500
4.700000
41.56594
0.007503
5.000000
45.71773
0.008500
6.000000
54.58443
0.002000
0.500000
57.36662
0.004486
1.600000
64.69230
0.002259
0.850000

77.74735

452.5000
1272.500
2765.000
243.7500
1050.000
2943.750
258.7500
1065.000
2958.750
10.00000
58.75000
120.0000
265.0000
845.0000
1940.000
303.7500
1110.000
3003.750
293.2500
577.0000
1242.000
314.7500
1764.750
4421.000
55.00000
2620.000
6715.000
58.00000
88.00000
128.0000
156.2500
270.0000
406.2500
78.00000
100.8125

126.7500

FC™ (Rs/h)

451.9880
1272.503
2765.777
243.9042
1051.133
2943.865
258.2589
1064.843
2959.150
9.569746
58.31975
119.5697
264.6022
844.6022
1939.602
303.4052
1109.655
3003.405
292.8159
576.5659
1241.566
314.4751
1764.653
4421.459
54.58443
2619.584
6714.584
57.36662
87.36662
127.3666
155.9085
269.5571
405.6382
77.74735
100.409

125.8938

Error

0.512035
0.003454
0.776688
0.154235
1.133461
0.115336
0.491087
0.156884
0.400120
0.430254
0.430254
0.430254
0.397802
0.397802
0.397802
0.344756
0.344756
0.344756
0.434064
0.434064
0.434064
0.274862
0.096978
0.458909
0.415572
0.415572
0.415572
0.633381
0.633381
0.633381
0.341495
0.442877
0.611848
0.252646
0.403531

0.856189

Total error

1.292177

1.403032

1.048092

1.290761

1.193407

1.034268

1.302191

0.830749

1.246717

1.900144

1.396220

1.512366

O



S. Durai et al.

Continued

50 a 0.0050 0.005000 177.5000 176.8509 0.649138

13 150 bi 1.8000 1.800000 457.5000 456.8509 0.649138 1.947415
300 Ci 75.000 74.35086 1065.000 1064.351 0.649138
0 aj 0.0045 0.004452 85.00000 83.87105 1.128948

14 75 bi 1.6000 1.617354 230.3125 230.2146 0.097931 1.618938
150 Ci 85.000 83.87105 426.2500 426.6421 0.392060
0 a 0.0065 0.006494 80.00000 81.00000 1.000000

15 250 bi 4.7000 4700862 1661.250 1662.108 0.858182 1.859955
500 Ci 80.000 81.00000 4055.000 4055.002 0.001773
50 a 0.0045 0.004374 171.2500 170.5123 0.737748

16 100 bi 1.4000 1.435546 275.0000 275.0915 0.091535 1.118103
150 Ci 90.000 87.80097 401.2500 401.5388 0.288821
0 a 0.0025 0.002468 10.00000 10.00000 0.000000

17 50 bi 0.8500 0.843902 58.75000 58.36492 0.385076 1.315574
100 Ci 10.000 10.00000 120.0000 119.0695 0.930498
50 aj 0.0045 0.004420 116.2500 115.6299 0.620105

18 150 bi 1.6000 1.631116 366.2500 367.1468 0.896771 1.698896
300 Ci 25.000 23.02344 910.0000 910.1820 0.182020
100 a 0.0080 0.007983 720.0000 718.5346 1.465383

19 300 bi 5.5000 5.514826 2460.000 2460.146 0.146243 1.637241
600 Ci 90.000 87.22119 6270.000 6270.026 0.025615

5.2. Statistical Analysis

The reliability of the algorithm in finding the best solution can be viewed by performing statistical analysis. The
convergence property and the robustness characteristics are focused primly for the statistical analysis. The stan-
dard statistical parameters of the objective functions such as best, worst and average values in addition to stan-
dard deviation and solution iter are also worked out and analyzed and are given in Table 12. The standard devi-
ation value is small which indicates the accuracy of estimate.

Convergence: The TLBO algorithm is implemented on different scale of test systems and for all cases, the
convergence characteristics are plotted. The convergence pattern illustrates the searching ability of algorithm.

Figure 2 shows the convergence characteristics of 10 unit multiple fuels system; the proposed approach con-
verged to a good solution within the 50 iterations for the three different fuels. For the IEEE 30 bus and 62 bus
Indian utility systems, the convergence graphs are shown in Figure 3. Figure 2 and Figure 3 show that the
TLBO has good convergence property, thus resulting in good evaluation value and low error.

Robustness: Many trials with different initial population have been carried out to test the consistency of the
TLBO algorithm. The algorithm is executed for 50 trials and the obtained objective function values are pre-
sented in Figure 4. The mean value is close to the optimal value for all the cases. This description clears that the
TLBO provides great searching ability, higher solution quality and the best estimate.

5.3. Observations

e Accurate parameters are estimated for three different test systems involving a practical test system.
e For the first time in the literature, both the parameter estimation and economic dispatch are carried out
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Table 9. Enhanced parameters for Indian Utility 62 Bus system (in p.u).

Bus

~N o o oA A DA W NN PFP PP PR R PR3

N NN NN RN RN NNRNRNDNDER R B B B B B R op b R o op
© N g o s B W WN P O N O M~MMDBDR®®NONN PP

nr
2
4

10
14

14
15

10
16
11
13
20
14
17
15
16
18
19
17
21
23
22
23
24
25
41
45
26
27
28
29
30

R
0.003040
0.007158
0.004080
0.002280
0.015690
0.005440
0.002875
0.001670
0.003780
0.007120
0.004090
0.004109
0.005747
0.005711
0.000297
0.000485
0.006868
0.014021
0.019010
0.015363
0.019810
0.013110
0.015600
0.005200
0.003920
0.001336
0.007020
0.003400
0.018500
0.020378
0.013707
0.003910
0.003010
0.001253
0.015527
0.012171
0.009390
0.011709
0.010589
0.005280
0.020540

Estimated
X
0.015610
0.104834
0.070416
0.011710
0.015620
0.006240
0.014870
0.008590
0.048259
0.060220
0.055537
0.027387
0.010570
0.095449
0.001557
0.001680
0.020338
0.015620
0.006240
0.079900
0.062595
0.048259
0.060220
0.055537
0.027387
0.010570
0.095449
0.104834
0.070416
0.020338
0.015620
0.006240
0.079900
0.006423
0.048259
0.060220
0.055537
0.027387
0.010570
0.095449
0.104834

% Error with respect to given data

B
0.014450
0.033970
0.019500
0.010820
0.074427
0.103900
0.013710
0.007950
0.018070
0.033970
0.019510
0.019509
0.003090
0.003090
0.005766
0.086100
0.032514
0.066654
0.090326
0.072920
0.093950
0.062370
0.074125
0.024462
0.018777
0.025577
0.033500
0.065039
0.088153
0.088157
0.065040
0.075120
0.014446
0.005140
0.073710
0.057809
0.044590
0.055650
0.050370
0.025260
0.097580

R.
0.33
0.02
0.73
0.44
0.00
0.73
0.52
0.60
0.79
0.56
0.50
0.03
0.05
0.67
1.00
1.02
0.00
0.28
0.21
0.05
0.00
0.08
0.06
0.00
1.01
1.07
0.71
0.87
0.00
0.21
0.02
1.26
131
0.56
0.09
0.16
0.10
0.18
0.29
0.94
0.19

X,
0.26
0.08
0.09
0.26
0.03
0.00
0.00
0.23
0.10
0.08
0.09
0.09
0.06
0.09
0.82
0.00
0.06
0.03
0.03
0.02
0.03
0.04
0.00
0.15
0.20
0.43
0.04
0.11
0.03
0.03
0.02
0.06
0.19
1.18
0.04
0.02
0.04
0.07
0.01
0.01
0.03

B.
0.00
0.00
0.05
0.18
0.00
0.02
0.15
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.24
0.02
0.02
0.07
0.00
0.00
0.00
0.00
0.03
0.01
0.07
0.01
0.09
0.00
0.01
0.00
0.00
0.05
0.03
1.33
0.00
0.00
0.00
0.00
0.00
0.12
0.05

%Efficiency
Base case TLBO
99.6854 99.5225
99.4529 99.4126
99.7985 99.5990
99.9574 99.7074
98.1424 98.0420
98.8023 98.5559
99.7694 99.5076
99.8778 99.6178
99.8107 99.7705
99.5645 99.4913
99.8105 99.8012
99.5702 99.4160
99.7869 99.7711
99.7041 99.7021
99.9801 99.6785
99.9619 99.8603
99.3434 99.3427
97.7699 97.7640
98.3704 98.3658
81.3413 81.3286
98.1003 98.1001
97.3945 97.3887
97.7258 97.7219
98.8763 98.8754
99.6615 99.5581
99.8328 99.6312
99.0144 99.0070
99.2834 99.2784
97.7762 97.7624
75.0000 749171
98.3203 98.3186
99.6443 99.4403
99.5683 99.3626
99.9154 99.1389
99.3582 99.3572
99.4619 99.4618
98.7969 98.7914
98.6864 98.6835
99.3916 99.3901
99.8378 99.8347
99.3531 99.3506
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30 31 0.009916 0.050900 0.047010 0.04 0.10 0.09 99.5128 99.5060
32 31 0.017830 0.091400 0.084765 0.22 0.44 0.01 98.8139 98.8117
32 34 0.003908 0.020301 0.075147 131 0.24 0.02 99.3724 99.1176
32 36 0.003050 0.015650 0.014430 0.13 0.00 0.14 99.9418 99.8413
32 37 0.022000 0.113006 0.104331 0.00 0.00 0.02 99.4598 99.1606
32 46 0.020920 0.107590 0.099370 0.14 0.02 0.00 99.5276 99.3413
33 32 0.016710 0.086090 0.079470 0.30 0.00 0.03 99.3724 99.3573
34 33 0.017370 0.089211 0.082500 0.00 0.01 0.00 99.8829 99.8826
34 35 0.007010 0.035500 0.033234 0.00 1.39 0.02 99.5225 99.0238
34 37 0.019900 0.010215 0.094371 0.00 0.05 0.01 99.4598 99.4168
3B 32 0.000354 0.001834 0.006770 1.64 0.33 0.29 99.9683 99.1634
36 46 0.018278 0.093890 0.086720 0.01 0.02 0.00 99.5501 99.5405
37 46 0.001040 0.005354 0.019500 0.00 0.11 1.52 99.7916 99.7816
38 34 0.010720 0.055220 0.051020 0.37 0.05 0.00 99.3325 99.3124
38 37 0.010400 0.053590 0.049500 0.38 0.04 0.00 98.3801 98.3739
39 37 0.002278 0.011710 0.010828 0.52 0.26 0.11 99.7716 99.5176
39 42 0.006810 0.035190 0.032520 0.73 0.09 0.00 99.3313 99.1268
40 30 0.007136 0.036776 0.033940 0.33 0.01 0.09 99.7272 99.6971
40 41 0.006040 0.031000 0.028902 0.82 0.96 0.03 99.6259 99.1229
41 42 0.000756 0.003910 0.014434 0.48 0.00 0.11 99.9392 99.9381
41 45 0.003326 0.017120 0.015876 0.24 0.00 0.15 99.8795 99.8775
42 43 0.009110 0.046960 0.043320 0.11 0.00 0.09 99.7810 99.7710
42 44 0.014120 0.072750 0.067204 0.11 0.04 0.01 99.3497 99.3472
44 59 0.008840 0.045362 0.041910 0.00 0.06 0.00 98.6675 98.6424
46 44 0.016760 0.086064 0.079476 0.00 0.03 0.02 94.3014 94.2190
47 46 0.007920 0.040644 0.037550 0.00 0.14 0.08 98.1599 98.1283
47 48 0.013680 0.070390 0.065040 0.09 0.06 0.00 96.9166 96.7059
48 50 0.000658 0.003353 0.012406 0.30 0.50 0.12 99.8962 99.8812
48 54 0.012511 0.064380 0.059478 0.13 0.05 0.00 99.4306 99.4116
49 48 0.003646 0.018745 0.069340 0.38 0.19 0.06 99.4691 99.4208
49 50 0.006630 0.034390 0.031800 1.04 0.12 0.00 99.5397 99.1185
51 53 0.011825 0.061100 0.056440 0.63 0.03 0.00 97.9189 97.5027
51 54 0.004058 0.020800 0.019253 0.29 0.48 0.24 99.6324 99.5800
51 55 0.014110 0.072740 0.067210 0.14 0.05 0.00 98.9161 98.9033
52 53 0.011288 0.058100 0.053690 0.28 0.09 0.00 99.2357 99.1319
52 61 0.011200 0.057883 0.053650 0.62 0.05 0.07 99.6475 99.2441
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55 58 0.006650 0.034390 0.031790 0.75 0.12 0.03 99.8991 99.4928
56 58 0.002572 0.013251 0.012290 0.69 0.37 0.00 99.6806 99.1762
57 56 0.001520 0.007814 0.007225 0.00 0.20 0.07 99.8051 99.6063
57 58 0.001830 0.009360 0.008670 0.00 0.32 0.00 99.4844 99.2851
58 12 0.012088 0.062180 0.057450 0.18 0.06 0.00 96.4591 96.3550
58 60 0.004110 0.021130 0.019505 0.00 0.00 0.02 99.4220 99.1219
58 61 0.003333 0.017184 0.063590 0.50 0.21 0.00 99.3535 99.1403
59 61 0.009180 0.047300 0.043720 0.43 0.11 0.00 98.6172 98.5121
60 12 0.013600 0.070090 0.064747 0.37 0.04 0.00 96.4907 96.3813
60 61 0.002415 0.012492 0.046250 1.04 0.23 0.00 99.7277 99.1250
61 62 0.014930 0.076997 0.071090 0.40 0.02 0.03 98.0600 98.0401
62 25 0.013800 0.071020 0.065620 0.22 0.06 0.00 99.0983 99.0711
12 . 9 T
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Figure 2. Cost coefficients convergence curve (a) fuel 1; (b) fuel 2 and (c) fuel 3.
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Figure 3. Convergence curve: (a) IEEE 30 bus cost coefficients; (b) IEEE 30 bus emission coefficients; (c)
62 bus cost coefficients.

Table 10. Economic dispatch with improved parameters for Indian utility 62 bus system.

Demand EC=L FCE . p X pLE .
(MW) (Rs/h) (Rs/h) S (MW) (MW) S
2067 15651.73 15722.82 0.45420 94.61327 96.25311 173321
2900 15522.58 15890.59 2.37080 80.88011 83.48667 3.22275
3200 17493.59 18030.99 3.07198 92.90000 96.90000 430571

concurrently.

e The % error estimation of parameters reveals the rate of change in parameters over the years due to physical
conditions like aging.

e The results clearly signify the impact of accurate parameters on ED problems on fetching the accurate dis-
patch results over existing results.

6. Conclusion

In this paper, the TLBO algorithm is successfully implemented for both the operation of parameter estimations
and ED solution. The operational aspects of the generators such as valve-point loading, emission, multiple fuel
options and transmission loss are considered. The three different test systems involving a practical test system
are selected for this estimation and dispatch problem. The results obtained by satisfying all the constraints for all
cases by the proposed algorithm are always comparable or better than the other methods. It is revealed that the
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Unit 1

Unit2

Unit3

Unit 4

Unit 5

Unit6

Figure 4. Robustness characteristics: (a) 10 unit system for fuel 1; (b) 10 unit
system for fuel 2; (c) 10 unit system for fuel 3; (d) IEEE 30 bus system for
cost function; (e) IEEE 30 bus system for emission function; (f) 62 bus sys-

tem for cost function.

No.of trials

U]

Table 12. Performance indices by TLBO for various test systems.

45 50

Test Systems

10-unit

Units

Best
1.168802
0.697156
1.639115
0.317203
0.605175
0.936732
0.712539
0.116458
0.122282
0.103847
1.261771
0.333505
0.936775
0.208988
0.371620

Worst
9.657846
8.712287

7.88428
9.145168
8.510824
8.824971
7.533577
9.139696
8.834306
9.809413
5.867897
7.993594
9.220367
9.779851
9.690017

Mean
1.42197
1.51550
1.83870
0.18740
1.03250
0.18740
2.21470
0.28540
0.51020
1.89980
0.54770
1.69851
0.54102
1.80871
0.19546

Solution Iter

Standard Deviation
1.3247
1.0365
1.9987
1.3658
0.6241
0.0874
2.1571
0.1547
0.3251
1.6624
0.3198
1.4873
0.2163
1.1024
0.1687
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Continued
0.139008 8.923714 2.10245 14 1.8547
0.828617 8.869472 2.27845 11 1.9687
0.383942 9.140136 1.15842 3 0.8554
7 0.410536 9.799390 1.58751 16 1.3258
0.251265 7.988590 1.19847 14 0.9962
0.528055 6.047550 0.89870 17 0.5521
8 0.313608 9.711690 3.18520 16 2.9385
0.819262 7.804830 1.84680 11 1.6824
0.398192 8.165560 1.71870 4 1.2365
9 0.016320 8.000195 0.95230 6 0.5021
0.529615 5.556480 1.94770 12 1.6324
0.781727 6.100437 0.57450 20 0.3219
10 0.043682 8.128070 1.53210 8 1.3278
0.368904 6.657846 1.68970 8 1.3014
1 0.763171 6.001400 1.50080 30 1.2017
2 1.283524 5.254700 2.41872 28 1.3855
. 3 1.286063 5.3606300 2.75281 29 1.3127
e-unt 4 0.586500 5.4471000 1.70420 30 0.9844
5 1.071758 5.1210000 2.14751 25 1.1795
6 1.369166 5.6981000 2.47828 20 1.4641
1 1.292177 5.6987000 2.78649 12 1.2251
2 1.403032 5.9874000 2.80534 9 1.2379
3 1.048092 5.6987000 1.51007 10 1.1566
4 1.290761 4.8746000 1.80493 9 1.3982
5 1.193407 5.6856000 2.80835 11 1.3069
6 1.034268 5.2587000 151712 12 1.1984
7 1.302191 5.9655000 2.83551 10 1.4249
8 0.830749 4.2387000 1.11428 12 1.2307
9 1.246717 45214000 1.77940 8 1.2839
19-unit 10 1.900144 5.8945000 2.48302 10 2.2183
11 1.396220 5.5854000 1.98359 12 1.4946
12 1.512366 5.2399000 2.12035 12 1.6254
13 1.947415 5.9658000 2.78960 11 2.0128
14 1.618938 5.9574000 2.80584 8 1.7851
15 1.859955 5.5304000 2.83611 11 1.9962
16 1.118103 5.8512000 1.92709 10 1.2147
17 1.315574 5.7415000 2.13565 11 1.4210
18 1.698896 5.6987000 2.23442 11 1.8745
19 1.637241 5.5718000 277713 13 1.7721
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TLBO possesses better convergence characteristics and robustness. The proposed TLBO approach has shown
merits such as better results, easy implementation for the accurate parameter estimation for PED problems. It
can be concluded that the estimated parameters obtained show that the proposed method can be used as a very
accurate tool for estimating the fuel cost, emission and loss coefficients.
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Appendix
Parameter Estimation Problems

The vector equation describing the relationships between the measured values y, the unknown parameters m, the
system matrix D and the residual due to the change in values r are as follows,

y=Dm+r (A1)

The parameter estimation problem for estimating the cost coefficients a, b, c, e, f, emission coefficients ey, ey,
e, and long line transmission parameters R, X, B are formulated as follows:
Let, k-Number of measurements, y(k)-Measured value of the kth measurement, D-System matrix

0i BOO

B. B, |'
m:[a’b’c’e’f]T’[eolelxez]T,[R,x,B]T’|: ] 0|:|

r-Error vector that relates y(k) to m.
There are k equations available to represent the parameter estimation that forms measurement matrix y(k).
TLBO is used as an estimator to find the unknown values of [m]. These estimates are used to recalculate pa-
rameters using consequent equations at each time step. The calculation procedure for the evaluation of parame-
ters such as a, b, c, e, f; ey, €1, &, and B;;, By, Booare detailed in Section 2.2, and the transmission line parameters
such as R, X, B are presented in (A.2-A.5).

v, c0sS5 =V, —B= X ™V +R™I cosg, + X1 sing,, Aasay (A2)
v, sing = B X ™V, + X1 _cosgp, —R™I, sing,,Ab,say (A.3)
I, (cos(5—¢,)) =—R™B*™V, +1, cosg, - X *'B*I _cosg, —R™B™Irsing,,Ac,say (A.4)

R (sin(5—¢s)) — ZBEstVr _XEstBZEstVr -1, sin_(o, n REstBEstIr Cosg, + XES‘BES‘Irsinq)r,éd,say (A.5)

Next, using the Nevvton-RTaphson (NR) mghodT, the following four non-linear equations of the form F(x) = 0,
where F=(f,f, f;,f,) and x=(X,R,B) aresolved for the unknown X, R, B,

f(x)=-VZ+a’+b’=0 (A.6)
f,(x)=—tans+b/a=0 (A7)
fo(x)=—-12+c?+d*=0 (A.8)
f,(X)=—tan(6—g,)+d/c=0 (A9)

Transmission Line Loss Parameters

The network loss is a function of transmission line parameters and network configurations. Thus accuracy in the
transmission line model and B coefficients are necessary. The transmission line model consists of R, X and B
parameters and to determine the existing network loss these parameters must be accurate. The estimation of
transmission line parameters is mathematically formulated as an optimization problem (Indulkar and Ramalin-
gam, 2008) and the accurate TLP can be determined by using an optimization technique.

TLR™ =[RS, X, BF ] i=1,2,TL (A.10)

R™ X, BF"  are the estimated transmission line parameters
The Kron’s coefficients ( BijESt : B(ES‘ and BOEOS‘) are dependent of network parameters and configuration.

Est Bil'ESt B(;EiSt Est
KCEst =| 7 = £ (TLR™) (A.11)

Est Est
BOi BOO

KC™ —Estimated loss coefficients
The ideal transmission loss can be determined using KCiESt by Equation (5).
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