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Abstract—Due to the deregulation of the Electric Supplypurchase is usually an uncertain variable. Modelirgsame is

Industry and the resulting emergence of electriaitgrket, the
volumes of power purchases are on the rise all theworld. In a
bid to meet the customer’'s demand in a reliable ygtdeconomic
manner, utilities purchase power from the energyketaover and
above its own production. This paper aims at dgietpan optimal
power purchase model with two objectives viz ecoypoand
environment ,taking various functional operatingigoaints such as
branch flow limits, load bus voltage magnitudesiténunit capacity
constraints and security constraints into constimrahe price of
purchased power being an uncertain variable is faddgsing fuzzy
logicc. DEMO (Differential Evolution For Multi-objeive
Optimization) is used to obtain the pareto-optiswltion set of the
multi-objective problem formulated. Fuzzy set thedras been
employed to extract the best compromise non-domhablution.
The results obtained on IEEE 30 bus system areepred and
compared with that of NSGAII.

Keywords—Deregulation, Differential Evolution, Multi objevt
Optimization, Pareto Optimal Set, Optimal Powenlo

|. INTRODUCTION

a complex task because of uncertainty resultingnfrihe
inherent dependence of price to other, sometimes
unpredictable factors, such as variations in denstsupply
situation. This type of uncertainty may not déo¥ithe nature
of a probabilistic distribution and is best miede by fuzzy
logic for representing the relationship among défe
variables[2].In addition to this, following the sage of Clean
Air Act Amendments in November 1990 there is améased
emphasis on emission reduction. This requires tiiities
should also include into account emissions as tkgdo be
minimized, thereby making the OPF problem a mujiective
one. In contrast to single-objective optimizatidwtt tries to
determine one global best solution for an optiniizat
problem, generally several trade-off solutions geaerated in
multi-objective optimization, dubbed as the parefatimal
set.A Pareto optimal set is a set of solutions #rat non-
dominated with respect to each other. Pareto optiolation
sets are often preferred to single solutions bexds final
solution of the decision-maker is always a trade-of

THE electric power industry has been deregulated andrpg |iterature includes several OPF studies thattdeith

restructured all over the world which has resulted

multi-objectives and applied evolutionary optimipat

market-based competition by creating an open markglchniques,details of which can be found in [3]. G¥S

environment. To ensure economic and reliable ojperatf the
power system utilities go for power purchases wilesirable.
In state-utilities in India, the state load is sligxb by the state-
owned generation plants as well as by power pusth&®m
Central Government owned generating plants andptiveer
market. Power purchased from central sector is geltar
through ABT [1] and that purchased from power maike
charged at Market Clearing Price (MCP). Thus, thgnoum
scheduling problem becomes distributing
internal generators and power purchased from thdrale
sector and power market, so as to minimize cogeagération.
However, the uncertainty associated with the MCReasahis

NPGA, SPEA, NSGA-II[4], MOPSO and fuzzified MOPSO
(FMOPSO) , fuzzy clustering-based particle swarr@RE0)
algorithms, etc., constitute the leading multi-ahijee
evolutionary computation approaches that have lzgxmtied
to solve the multi-objective Economic Emission DRiggh
(EED) problem.With the power system open access, th
economic/emission dispatch problem is extendedntdude
power transaction from the market. In [2] a metHodg to

load ambngs,auate power purchases in an uncertain envirohrin

presented. However, a dc load flow formulation waed and
network losses and other security constraints weoe
considered. Moreover emission from the thermalsuisitnot

optimization a complex task. In this paper the pOW&hgigered. In [5] an optimization-based methodr fthe

purchased from the central sector is not considérked power
available in market is modeled as a ‘market-geoerathus,
load demand will be served by a set of internakegators and
market generator. generators share the maximum aé@uy
with power to be purchased from market dependingnarket
price. Hence the development of an optimal germmasind
power purchase schedule is a much desired requiteumeer
such a scenario. The price of electricity duringpewer
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integrated consideration of power purchase #etitns and
the scheduling of thermal units is presented dase the
augmented Lagrangian decomposition and coordination
method. Again, a single-objective formulation isedisas
emission is not considered.Rui Ma et al formulagechulti-
objective optimal transaction planning problem loasen
Interior point method [6]. A similar optimal pow@urchase
planning problem is formulated and solved usingdsgsmic
genetic algorithm in [7]. A multi objective poweurghase and
distribution planning model was developed by Zhab@l in
[8]. However, emission is not considered in [7] d8HAlso,
the problem is not treated as a true multi objecfivoblem in
any of these works.
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In this paper the optimal power flow problem hasrbéealt The total function of emissiof. (kg/hr), can be expressed as,
with considering power purchase from the marketmalti- 1

objective optimization problem is formulated comsidg Ng 2
short-term power purchases from the power markie¢ dost IZ ai F)gi +h I:)gi tH (4)
function has two components viz generation cost poaer
purchase cost. Thus, under this scenario, the gtoer
scheduling/OPF problem is an optimization problerh ogenerator .
minimization of total cost of power to be generabgdnternal
generators and to be purchased from the marketrgtipg
cost of power system).Apart from the cost, the otigective
that we are looking to minimize here is emissiohe Dffered
prices for power is treated as fuzzy variables. [E
(Differential Evolution for Multiobjective Optimizeéon) as
presented by Robic and Filipic in [9] is used tdveothe
optimal purchase planning problem formulated.

The proposed approach has been tested on modiieH |
30-Bus system with 6 generators, where four geaegare \yhere,
considered as utility generators and the remaitwtgas non- P, = Load Demand (MW)

utility/market generators.
P_ = Transmission loss (MW)

Il. PROBLEM FORMULATION Ng = Number of utility generators connected to thevoek.
The multi-objective economic/environmental optirpalver
purchase planning problem has been mathematicallyUnity Capacity Constraint
formulated as follows:

where a'i , ,BI and yI are emission coefficients of th® i

B. Constraints

The objective function is optimized with the followg
constraints.
M Power Balance Constraint

Overall power balance equation for the network is:

Ng
(iglpgi +*PFny)-Pp-R =0 ®)

These inequality constraints define the limits isgd on the
active and reactive power production from genesthre to
the machine’s design related limitations.

A. Objective Function

The objective of the given problem is to minimizettbthe
total cost and the total emission. Thus the ohjectunction

can be represented as, Pgln <PFgi < Pé}“” (6)
i min min
mln[Fl, FZ] (1) le < le < le
Where, Fand F, are total cost and total emission of (7
) min
generators respectively. wherePgi and Pé?a’ are the lower and upper bounds on

The total cost has two components viz., cost ofgraw be

generated by internal generators (i.e., utility eyators) and the active power output from thg generator, aang?mand

power purchase cost. Thus the same could be repeesas, max

output from the't generator.

Ng are the lower and upper bounds on the reactive powe
F =>C(P.)+C P
1 iél |( g|) mr( mr) )

Where, Ci = Cost of active power generation (in $/MW/hr) by Security Constraint
i generator

Cmr = Cost of purchasing power form the market(in‘pl‘g Fimax" = 12...L where R is the power transmitted
$/MW/hr).
Pgi = Power output ofi generator (MW) over linel. R ., denotes the max limit of the transmissible
P = Power to be purchased from market (MW) power over linel . L is the total number of lines.
Ng req
The cost of generated power ($/hr) in terms of mdnt iglsRi 2 SR (8)
variables viz generator powers can be expressed as, Ng -
- 2 cpMax_p .
Ci(Pgi) =3 +BPyi +GiFy; (3) Z SR < Ry ©)
. ' i max
Wherea1 , lq , CI are the cost curve coefficients. SRi < SRi (10)

Where, Sg; = spinning reserve capability of uriit
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S|r?eq = system spinning reserve requirement.
Sg-a) =maximum spinning reserve capability of unit
Vimln <V sVimax (11)
Where,

V™" = Lower voltage magnitude bounds for tfeviis.

Vim

V, = Voltage magnitude at biis

a =Upper voltage magnitude bounds for tAdis.

DEMO: DIFFERENTIAL EVOLUTION FOR MULTI-OBJECTIVE
OPTIMIZATION

In this paper, DEMO: Differential Evolution for Miul
objective Optimization as presented by Robic atigiEiin [9]
is used to solve the economic-emission dispatcholeno
formulated. DEMO is a variant of differential evban (DE)
[10]. Based on DE, DEMO builds on the success afePr
algorithm and adds the mechanisms of non-dominsbeting
and crowding distance metric as used by stateefth multi
objective evolutionary algorithms. DEMO modifies eth
selection mechanism used to decide when a childaep the
parent. Details regarding the DEMO algorithm carfidagnd in

[9].

Pseudo-code for DEMO:
a) Evaluate the initial
individuals.
b) While stopping criterion not met, do:

c) For each individualR (i =1, ..., popSize) from P

population P of random

repeat:
d) Create candidate C from parefy.

e) Evaluate the candidate.

cost. The cost of purchased power from the markéigban
uncertain variable is modeled as a triangular fuammber
with linear functions for left and right membershipThe

minimum price isA = (/IO,I/] g ) and the offered price to
0 70

import the maximum power

(Amax'l/‘max'umax)'-rhe data related toly and

iSAmax =

A are taken from [2].

The step-by-step algorithm of the proposed apprascs
described below:

Sep (1) Read the database for the generator data, bus data
transformer data and transmission line data.
Sep (2) Assume suitable population size, maximum number of
generations.
Sep (3) Randomly generate the individuals.
Sep (4) Run power flow using the Newton-Raphson method
for each set of generating patterf%i corresponding to a
particular generation and after that determinecksldus
generation, bus voltage magnitudes and phase aaghdkthe
buses. Also calculate power flow in each transmissine of
the system.
Sep (5) Perform mutation and crossover for each targetovec
and create a trial vector.
Sep (6) Perform selection for each target vector as maatio
in the pseudo code for DEMO, described in the pnevi
section.
Sep (7) Stop if the maximum number of generations is
reached otherwise go to Step 4.
Sep (8) After evaluating a series of generations ,the final
pareto optimal solution set is generated and thet be
compromise solution is selected as the final sofutBtore the
total cost of generation ,emission and the geimergattern
corresponding to the individual deemed best.

In practical operation, only one of the pareto-oati

f) If the candidate dominates the parent, the canelidagolutions has to be used from the entire set gestbiay the
replaces the parent. If the parent dominates thggorithm. To avoid error due to imprecision of fam
candidate, the candidate is discarded. Otherwhee, tjudgment the methodology for determining best campse

candidate is added in the population.

solution by fuzzy set theory as employed in [11} Hzeen

g) If the population has more than popSize individualsnade use of in this paper.

truncate it.
h) Randomly enumerate the individuals fh.

The described DEMO’s procedure is one of the three

variants presented in [10]. It is called DEMO/parand is the
most elementary variant. Throughout this paper DEdé@ent
is used. The key parameters of control are pomulasize

( NP), scaling factor F ) and crossover constar(tk).

IV. DEMO SOLUTION METHODOLOGY

In this paper DEMO is used to solve the multi-objex
optimization problem defined by (1).As already ni@méd, the
total cost is the sum of cost of power to be geeerdy
internal generators (i.e., utility generators) aogver purchase

V. CASE STUDIES

The IEEE 30-bus system has been used to show the
effectiveness of the proposed algorithm. The codtemission
coefficients’ data used is given in Table VI. Theigsion from

the market generators is ignored to preserve tberdelized
nature of the solution algorithm.

In this work, generators connected to bus nos. 113&re
considered as market generators and the remaisingiliy
generators. Voltage magnitude limits of generatorels are set
to 095pu.<V < 1llpu. and load buses are set to

095p.u.<V < 105pu. .Voltage angle limits are taken as
—-14< 6 <0 in degree. The transmission line loadability limit
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for generator output paths is taken as 150MW andhi® rest
of the lines it is taken as 25MW. The total loadttué IEEE
30-Bus network is 283.40 MW. Spinning reserve regment

is taken as 15% of the normal load on the system, (i
0.15*283.4 MW=50 MW).The proposed algorithm has beer
implemented in MATLAB 2008b on a PC (Core2Duo, 2,GB
2.5 GHz).

The Optimal power purchase problem is solved usir
DEMO. The population size @\ scaling factor (F) and
crossover constant fLhave been selected as 200, 0.8 and 0
for system under consideration in the proposed DEM
algorithm. Results obtained from DEMO are compangith
those obtained from NSGAII. The population sizeyssover
and mutation probabilities for NSGAIl have beerestdd as
200, 0.9 and 0.2, respectively, for NSGAIl. Maximaomber
of generations has been selected as 150 for boM@ENd
NSGAII. To compare and evaluate the quality ofrisults 10
runs of each algorithm were performed. Total cestjssion,
loss and CPU time obtained from DEMO and NSGAII ar
summarized in Table I. Only the results pertaininghe best
of the 10 runs is highlighted. Table IV providesltage
magnitude and phase angle of all buses obtained BEMO
and NSGAII. The emission-cost trade-off curve foB®GAII
and DEMO are shown in Fig. 1 and Fig 2 respectivEhere
are no line loadability limit violations. Spinningeserve
requirements are also satisfied, with the utilitgngrators
carrying more reserves than the minimum requireab!d Il
gives a summary of the spinning reserve requirenaamt
allocation. Results shown in Table |, suggest MO and
NSGAII obtain nearly similar results with respeettotal cost,
emission and transmission loss. The relatively hea\
computational cost of the DEMO approach is duediditeonal
calculations, such as the DEMO specific electioocpdure.
An analysis of the pareto fronts of NSGAIl (Fig. aphd
DEMO (Fig. 2) reveals that NSGAII returns greatamer of
solutions belonging to the true pareto front areb dlas better
spread of solution.

TABLE |
GENERATION, COST, EMISSION, Loss ANDCPUTIME OBTAINED FROMDEMO
AND NSGAII

Particulars DEMO NSGAIl
Psi(MW) 125.5452 127.1718
Pe(MW) 45.3000 45.9800
Pe3s(MW) 23.5600 23.5400
PecaMW) 25.2700 23.1000
Pes(MW) 30.0000 29.9900
Pes(MW) 40.0000 40.0000
Total Rs(MW) 289.6752 289.7814
Cost($/hr) 743.2600 742.3100
Emission(Kg/hr) 228.9100 230.4000
Ploss(MW) 06.2752 06.3818
CPU Time(s) 757.0000 598.0000

Cost($/hr)
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7E5

7EE -

780

745

40+

735

47

746

A5
a4+
A3
T2

4T

740 L L I L L I L L
2%227 2280 X9 ZAa0 23 232 233 234 X35 236

L L L L . . L
220 225 230 235 240 245 250 255 260

A

Emission(Kg/hr)
Fig. 1 Pareto Optimal Solutions obtained using NBGA

]

Emission(Kg/hr)

Fig. 2 Pareto Optimal Solutions obtained using DEMO

765

760 -

o5+

a0+

45 -

740 -

734

1 1 1 I I I 1
220 225 230 235 240 245 280 285 260

+  NSGAI
0O DEMO

WA

Ermission{Kghr)

Fig. 3 Pareto Optimal Solutions obtained using NB@Ad DEMO

represented on the same scale

However, in the stated problem the Decision Mak] is
interested in knowing trade-off optimal solutions the
intermediate cost and emission area. As is eviftent Fig.3,

the DEMO algorithm is able to find solution in thegion of
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front, thereby allowing the DM to consider only at of

solutions that lie on the regions of interest sat th better and

more reliable decision can be made.

TABLE |

BUSVOLTAGE MAGNITUDE AND PHASE ANGLE OBTAINED FROM DEMO AND

For the purpose of fair comparison, the data prtesem
Table | is obtained with the market price held ¢anst at
2.46$/MWhr for both DEMO and NSGAII. As is eviddmm
the value of power drawn for the market generatdns,
offered price being less, the market generators gatéing
loaded at the upper limits of their operationalgean

NSGAIl To confirm the efficacy of the algorithm in genéngt
] DEMO NSGAII proper purchase plan, the algorithm has also ba&emvith the
% \'\ilf’“agted Pdhase Angle l\\/AOItagted Pdhase Angle offered price held at an arbitrary value of 20$/MWiihe
a (paf?' ude | (degree) (pal??' ude | (degree) results as presented in Table V, highlight the thett with
1 1.0600 0.0000 1.0600 0.0000 Load Scaling Factor (LSF)=1.0, the power drawn frtma
2 1.043( -2.513¢ 1.043( -2.5446 market generators is lesser as compared to therpdnsen
3 1.029¢ -3.661 1.0293 -3.729( when the offered price is 2.46$/MWhr. Also, theutes for
4 1.0218 -4.3647 1.0218 -4.4473 LSF=1.3 reveal that with the increase in load,gb@er drawn
5 1.0100 8.3616 1.0100 8.4316 =Ll.orev wi ! " Ao W
6 1.017, 5.257¢ 1.0177 5.3664 from the market generator increases irrespectivthefprice
7 1.006¢ -7.055¢ 1.006¢ -7.1486 in-order-to maintain system stability. This shiftthe optimal
g 1-8;28 'g-gggg 1-838 ?23632 operating point with changing values of offereccprand LSF
10 7 3873 10474 4912 |n_d|cates the capability of the algorithm to gemera good
11 1.082( 2393, 1.0820 2.5006 dispatch and power purchase plan.
12 1.0622 -5.821: 1.0632 -5.9148
13 1.0710 -3.0024 1.0710 -3.0959 TABLE V
14 1.0483 -6.8313 1.0483 -6.9263 GENERATION AND COST FOR OFFERED PRIGES20/MWHR
15 1.0426 -7.0453 1.0426 -7.1417 LSF 1.0 1.3
16 1.049: -6.748( 1.0491 -6.8458 Pai(MW) 130.786: 200.000¢
17 1.042: -7.399¢ 1.0425 -7.5017 Pg(MW) 56.7300 50.1000
18 1.0321 -7.8540 1.0321 -7.9531 Psa(MW) 38.2000 33.0800
19 1.0291 -8.1462 1.0291 -8.2468 Pga(MW) 35.0000 33.7700
20 1.032¢ -8.013¢ 1.0328 -8.1153 Pas(MW) 15.270( 25.180(
21 1.035: -7.859: 1.0352 -7.9632 Pee(MW) 13.640( 27.610(
22 1.035¢ -7.855: 1.0358 -7.9592 Cost($/hr) 1312.76 1700.06
23 1.0312 -7.7516 1.0311 -7.8513
24 1.0245 -8.3600 1.0245 -8.4642 TABLE VI
25 1.019¢ -8.752: 1.0198 -8.8623 GENERATORCOST AND EMISSION COEFFICIENTS
26 1.002: -9.169¢ 1.0021 -9.2799 Gener | N, N, Na N, Ns No
27 1.0257 -8.7378 1.0257 -8.8516 ator
28 1.0151 -5.6625 1.0151 -5.7816 Ne
29 1.0059 -9.9617 1.0059 -10.0756 a 0.0037! [ 0.0175( | 0.0625( | 0.0083 Market
30 0.994¢ -10.840: 0.994¢ -10.954: b; 2.0C 1.7¢ 1.0C 3.2F Generator
G 0.0 0.0 0.0 0.0
TABLE I P 0.0126 0.0200 0.0270 0.0291
SPINNING RESERVEDATA Bi -1.1000 -0.1000 -0.0100 -0.005Q
Gener- Max Spinning Available Available i 22.98: 25.31: 25.50¢ 24.90(
ator reserve reserve(MW) reserve(MW) Prnin 50 20 15 10
capability DEMO NSGAII Pruax 200 30 50 35
Mw)
Pa1 30.0C S74.454¢ 70.636! VI c
Poz 10.00 34.7000 37.9900 . - ONCLUSION
Pos 05.00 26.4400 26.0900 This paper focuses on generating an optimal powerhaise
Paa4 05.00 09.7300 10.5000 schedule so as to minimize total cost and totalssiom,

The difference between the best and the worstsmiation

for multiple (ten) runs of the program is very lésscase of

both DEMO (0.17 %)) and NSGAII (0.08%) as illusedtin
Table 1V, which shows the consistency in the result

TABLE IV
BEST AND WORST RESULTS FOREMO AND NSGAII

Best Solution Worst Solution %Difference
Particul Cost Emission| Cost Emission Cost Emission
-ars ($/hr) (Kg/hr) | ($/hr) (Kg/hr) | ($/hr) | (Kgfhr)
DEMO | 743.26 228.91] 74452 230.90 0.17 0.87
NSGAIl | 742.3: 230.3¢ | 742.9¢ 230.9( 0.0¢ 0.23

considering power purchases from the market. DEMO i

successfully implemented to solve the problem. Téwults
establish the feasibility of such an approach agtlight the
benefits gained, such as, saving in total systest coand
reduction in emission as a result of strategic dtawn this
paper, DEMO is used in resolving the proposed e¥arapd

the same is compared vis-a-vis NSGAIl. DEMO aclseve

similar solution as NSGAIl on the modified IEEE 30sb

system. However, in case of DEMO most of the pareto

optimal solutions lie in the intermediate trade-a#gion
where-in the best compromise solution is supposerkside
and hence this algorithm can be considered to lre m@cise
in its approach. This high convergence precisidpsh® make
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a good power purchase plan. DEMQ'’s only disadvantager
NSGAIl is its higher computational time due to the
computational complexity involved.

REFERENCES

[1] http://cercind.gov.in/
[2] R.W. Ferrero, S.M. Shahidehpour, “Short-term powmirchase

considering uncertain prices, " Generation, Traesion and
Distribution, IEE Proceedings, Vol. 144, No. 5,. pj23-428, Sept
1997.

[3] S. Agrawal, B.K. Panigrahi, M.K. Tiwari, “Multiobive particle
swarm algorithm with fuzzy clustering for electliqggower dispatch,”
IEEE Trans. Evol. Comput., vol.12, no. 5, pp. 528550ct. 2008.

[4] Deb, K., Pratap, A., Agarwal, S., Meyarivan, T.,” fast and elitist
multiobjective genetic algorithm: NSGA-II,” IEEE &msactions on
Evolutionary Computation,vol 6, pp.182—197,2002.

[5] L. Zhang, P. B. Luh, X. Guan, and G. Merchel, "@ptation-Based
Inter-Utility Power Purchases," IEEE Transactioms Rower systems,
Vol. 9, No. 2, May 1994, pp. 891-897.

[6] RuiMa,HongwengYan,Xiaojiao Tong,”Multiobjective fzxz optimal
transaction planning based optimal power flow fieceicity market”,
in Proc. 7th Int. Power Engineering Conf, 2005. @RB05,pp.1-
120,29Nov-2Dec.2005.

[7] Yongjun Zhang; Wengen Yuan; Bangfeng Li; Minan Liao;”
Optimal power purchase planning of hainan powed gompany” in
Proc. Int. Power Engineering Conf, 2007. IPEC 2@8,Dec. 2007,pp.
1355 — 1359.

[8] Guoli Zhang, Siyan Wang , Mingxin Dou ,“The deoisi making
method for power purchase and distribution plannwith a new
adaptive genetic algorithm” , in Proc. of the 2md. IConf. on Power
Electronics and Intelligent Transportation Systé&&IS), 19-20 Dec.
2009,vol.2, pp. 168 — 171.

[9] T. Robic and B. Filipic, “DEMO: Differential evolign for multi-
objective optimization,” in Proc. 3rd Int. Conf. &y Multi-Criterion
Optimization, LNCS 3410. ,2005, pp. 520-533.

[10] Price,K.V.,Storn,R:Differential evolution-a simpd@olution strategy for
fast optimization.Dr.Dobb’s Journal ,vol.22,pp.18:2997.

[11] M. Farina, P. Amato, “A fuzzy definition of “optinigy” for
manycriteria optimization problems”, IEEE Trans ®ystems, Man and
Cybernetics, Part A, vol.34,n0.3, pp. 315-326,2004

Dr. A.K.Chakraborty received his B.E.E(Hons.) from Jadavpur
University, M.Tech from the IIT Kharagpur and Phdegree from Jadavpur
University.He is working as faculty member in thatidnal Institute of
Technology, Agartala, India. He has 14 years gieeence in industry and
17 years in academics. He worked at NIT Silchatidrand College of Engg.
And management, Kolaghat, West Bengal, India. Bs&arch interests are in
the area of deregulated power system economicsTBABVDC.

Tulika Bhattacharjee received her B.E. degree from the Tripura
University, India in 2003 and M.Tech from NIT Sikh India in 2006.She is
currently pursuing her Ph.D degree at NIT Agartiddja. She has worked at
Wipro Technologies, Bangalore, India from 2006-26{H research interests
include power system operation and deregulation.

16



