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Abstract—This paper proposes an investment cost recovery
based efficient and fast sequential optimization approach to optimal
alocation of thyristor controlled series compensator (TCSC) in
competitive power market. The optimization technique has been used
with an objective to maximizing the social welfare and minimizing
the device installation cost by suitable location and rating of TCSC in
the system. The effectiveness of proposed approach for location of
TCSC has been compared with some existing methods of TCSC
placement, in terms of its impact on socia welfare, TCSC investment
recovery and optimal generation as well as load patterns. The results
have been obtained on modified |EEE 14-bus system.

Keywords—Double auction market, Investment cost recovery,
Optimal location, Social welfare, TCSC

|. INTRODUCTION

HE experience of last twenty years tells that electricity

companies can be divided into those parts which are still
natural monopolies and those parts where it is possible to have
competition and to create a market for electricity. This
experience is now being used all over the world to create
cheaper electricity by means of competition amongst power
stations and amongst companies that are in the business of
purchasing and reselling electricity.
With the increased power demand, more interconnections with
limited transmission expansion and enhanced trading activities
in the electricity market it has been challenging task to operate
the system in an efficient manner. Flexible ac transmission
systems (FACTS) are considered to be one technology that can
benefit the emerging power system in terms of enhancing the
system stability, providing better voltage control and increased
loading capability of existing transmission systems with
possibility to load lines much closer to their thermal limits [1],
[2].

Recently, there has been growing interest in alocation of
FACTS devices for achieving different objectives for
transmission network. Gerbex et a. [3] have used a genetic
algorithm to seek the optimal location of FACTS devicesin a
power system. Optimizations have been performed on the
location of the device as well as their values. However, in [3]
the number of devicesto be installed is decided arbitrarily not
by optimization. The impact of TCSC on congestion and spot
pricing is presented in [4]. The paper demonstrated that the
TCSC could reduce congestion as well as the losses.

References [5] and [6] have proposed optimal allocation
methods for TCSC to eiminate the line overloads, where
sengitivity index is introduced for ranking the optimal
placement. Priority list method for TCSC allocation for
congestion management has been proposed in [7].
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However al of these works [3-7] have not taken into
account the cost of installation and maintenance of FACTS
devices.

Reference [8] proposes an approach for optimal location of
FACTS devices and evaluating its impact on annual total cost,
device investment cost and benefit due to device installation.
Song et al. [9] suggested the proper location of each device to
enhance the steady state security. In [10], application of
different FACTS devices has been presented to control the
power flow in the power system. Recently some other
optimization techniques based on various artificial intelligence
techniques like evolutionary programming (EP) [11], particle
swarm optimization (PSO), hybrid particle swarm optimization
(HPSO) etc. have aso been developed for the anaysis of
deregulated power sector. However, these techniques take
much more time to simulate the problem and sometimes do not
converge to a single optimal value and provide approximate
solutions.

Review of works from the literature revels that the optimal
FACTS solution problem is one of the main points for the
enhancement of transmission systems, and recently it has
received great attention from power system researchers.
However, to the best of author’s knowledge, no attempt has
been made to suggest a simple, fast, reliable and efficient
method for determining the optimal location, rating, cost of
FACTS controllers, social welfare and investment cost
recovery of FACTS devices simultaneously in the deregulated
power sector.

This paper proposes an efficient, reliable and fast
optimization approach to optimally locate the TCSC in the
deregulated power sector. The proposed approach is based on
investment recovery of FACTS devices with sequential
variation in control parameters of the device. MATLAB
programming codes for the proposed technique is developed
and incorporated for the simulation purpose. MATPOWER
[12] is a package of MATLAB m-files for solving power flow
and optimal power flow problems. It is intended as a
simulation tool for researchers and educators which will be
easy to use and modify. In this paper, the MATPOWER m-
files are changed with adding the proposed sequential
optimization codes to solve the problem. Results are
determined for all possible locations, degree of compensation,
reactance of TCSC, maximization of socia welfare and
recovery of investment cost of TCSC in the networks. The
double auction bidding model is used in which gencos as well
as demands both are alowed to offers and bids their prices to
independent system operator (1SO). The amount to be paid by
each demand and amount to be received by each genco is
determined by most probable bidding price approach, after
optimal location of TCSC in the network.

II.MATHEMATICAL FORMULATION

In the considered power market model, bulk loads as well as
retailers are required to bid their maximum demand and price
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function. All generators are also required to bideit of the referees, and to make it easy for you tdrilige
generation cost function along with their maximuemeration. preprints.

A. TCSC Modeling C.Power Pool

The TCSC can serve as the capacitive or inductive The gencos participating in the pool offer theistcfunction
compensation respectively by directly modifying teactance and maximum generation, which they want to deliteethe
of the transmission line. In this paper, the mazfehe TCSC  pool. Similarly loads bid their price function agiwas their
is developed to be suitable for steady-state.s thodeled as maximum demand, which they are willing to take froine

variable reactance conpegted ?n seriles with tressom line. pool [14]. After optimization of social welfare tttemand as
The model of transmission line with a TCSC conrmactewe” generation at all the buses are known.

between bus-i and bus-j is shown in Fig. 1. Let
i L Busj PdP ={Pd’;j=1,23,...,
Busi Z; =1 Xrcse J {Pdj) nd} ®)
/V | be the vector of pool real power demand and
— | | PgP ={PgP;i=1,23,....nd (6)
P..
\% ! V. be the vector of pool real power generation.
) Let the vector of the total real power demand aedegation
Fig. 1 Model of transmission line with TCSC is:
The rated value of TCSC is a function of the reaataof the Pd" ={Pd;j=1,2,3,....,nc} (7)
transmission line where the TCSC is installed:
Xine = Xij + Xrcec @ pgT ={Pg":i=123,....nd ®)

where  Xreee = Krese: Xiine

Xine iS the overall line reactance between basidj with D.Objective Function and Constraints

TCSC installationx;cs is the reactance of TCSC akg is Consider a system having totab number of busesng
the coefficient which represents the compensatirell of number of generators andd number of loads. Let the
TCSC (<0.7< kege < 0.2). The working range of reactancedeneration cost curve offer to the pool by generatdusi be
o . o
of TCSC is fixed betweer.7 i and0.2 Xine [3], [13]. denoted by(?i (PgP )and the worth fun_ctlon_ (which is also
called benefit curve [15]) for load that is pricepgndent be
B. Investment Cost B,(Pd?).It represents the price the load is willing to pay
givﬁé%cg)r/(.jlng to wibowo et al. [8] investment cost dE3C is purchase an amount of powBrd® |
' Mathematically, the objective function is to maxaithe
Crege =0.00158% g — 0.713@ + 153.0 $/kVar (2) social welfare and minimize the investment cost68Cs. So

. _ . the objective function is given as:
whereCqeg is the cost of TCSC in US$/kVar aSgk« is the

operating range of TCSC in MVar. Overall investmenst d g N
|Cresc ($/hr) is calculated as follows: qu. = max 291 (Fdjp)—Zq(ng)—ZCKE(k) $h  (9)
C x S x 1000 =1 i=1 kel
Te - TCSC TCSC $/hr 3
resce ( 8760 j )

subject to the following transmission network coaistts and
Due to high cost of FACTS devices it is necessanyse cost- FACTS device constraints:

benefit analysis to analyze whether a new FACTSceeis * Power balance equations (equality constraints)

cost effective amongst several candidate locatiorsen P(V,9)-R™ = O} for each PQ bus

actually installed. In this respect, the followiegpression is net _ . (10)
used to convert the investment cost into annuat {8t: Q (V.)- Q™ =0} for each PQ busi

P (V.9)-Pi =0} for each PV bus

ir(1+ir)-"

PL+ir)t"T -1

(4) « The inequality constraints

Pd" < Pg< PE™ Q"< Q= 3 |
where AlCrcge is the annual TCSC investment cadst,is the min mex min mex )
interest rate antiT is the life time of device. In this work, itis % =Y SVi @ <@ <@ Jiand fInk - (11)
assumed that the interest rate 0.05,LT = 10 years. MVAF i <UNAf ijmix 9-7Xij Krese 50_2)(“.
All tables and figures you insert in your documarg only
to help you gauge the size of your paper, for ihevenience

AlCrcsc = 1Cqcsc

where
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N number of TCSC Step2: Set the initial number of TCSC is zero (NOk
P, ,Q; calculated real and reactive powers for PQ compensation level of TCSC is zdge<L = 0).
bus i: Step3: Solve OPF problem defined by Eq. (9), (aoy
pret,Qret specified real and reactive powers for PQ (11) without considering TCSC and satee
bus i opt|rr_1al value of objective functi®fmou.
net ! . Stepd: SetlineL=1and N=N + 1.
P+ P calculated and specified real power for F)VStepS: Locate the TCSC at the line L with settine value
bus m; of TCSC compensation levieldsc = krese™).
Vi, @ voltage magnitude and phase angle at bus i;Step6: Solve OPF problem and determining the atim
Pgmin,pgmax real power generation limits at bus i; value of objective functidy;.
Qg™ , Qg™ reac_tlve power generation limits at b_us_l; Step7: Ugrggrleintcr}imv:rllzzci) -;Sdscs:etci(t) r::)pl(i:;it'i:c;ﬂﬁel
MV Af ijma" maximum apparent power flow limit of + Akresr). Check the value o, for all Kees
transmission line coctirgg bus i and bus j; between the specified ranges.
Xreses X reactance added to the line by ppdiCSC Step8: Determine maximum valueRqj,.
and reactance of thetinenectingbus i Step9: SetL =L + 1 and repeat steps 5-8.
and bus j Step10: Calculatd F(L), whered F(L)is the maximum

With the offer characteristics of all pool generatand
bidding characteristics of all pool demands, thé&noigation
of objective function (9) has been carried out vattisfying
all constraints (10)-(11) along with generation eo$f and
demand bidding constraints, which are the maximiamitd of
offers as well as bids. The proposed approach pshia of

value of objective function afteapément of TCSC
on ling..

Stepll: Determine optimal value lats;, location of TCSC,
reactance of TCSC, investment cost T@SC,
operating mode of placed TCSC aruisovelfare.

The flow chart of the proposed approach is giveRim 2.

handling generating units having any type of codf thisfigure,N is number of FACTS deviceskrcsc is
characteristics such as quadratic, piecewise lingiacewise compensation level of CSC; dkresc is increment inkresc;
quadratic etc. In this paper, quadratic cost charistics for krcsc™ is maximum value okrcse (0.2); kresc™ is minimum
generators as well as demands are taken for the@arson value ofkrcsc (-0.7); Foy is value of objective functior® imou
purpose. is value of objective function without TCSC in thetwork
The amount to be paid by each demand and amoum toand F,, is value of objective function with TCSC in the

received by each genco is determined base on moksaiple
bidding price approach. The social welfare has btwm
determined based on total payments and receipts.

The optimization problem of Eg. (9) is a complexgk&a
scale nonlinear programming problem that can nstiyebe
solved by conventional approaches. This paper pep@
sequential optimization approach in order to deteenthe
optimal location, rating and cost of TCSC simulaunsy and

PROPOSED SEQUENTIAL OPTIMIZATION ALGORITHM

to capture the best solution of Eq. (9). This applois based
in whic

on sequential optimal power flows (SOPF),
optimization has been done by locating TCSC anglingrall

control parameters sequentially between the specifanges
and getting optimal solutions. TCSC will be locatad all

possible locations in the system and best locatidh be

decided at which social welfare and objective figrctgets
maximum value.

A. Sep-by-step Procedure and Flow Chart of Proposed
Approach
The main steps of proposed algorithm can be destris
follows:
Stepl: Input power system parameters,
configuration, line data, bus data addmand/
generator cost coefficients.

International Scholarly and Scientific Research & Innovation 6(8) 2012

includingtesys

836

network.

B. Investment Cost Recovery

Investment cost of TCSC has been calculated by the
equations described in section II-B of this pafére objective
function has two parts: one is social welfare amotlaer part is
investment cost of TCSC. The social welfare is cioaiion of
the equations for maximization of consumer benefid
minimization of generation cost. By proposed apphpdhere
is considerable increase in social welfare withailtation of
TCSC. This increase in social welfare is so mucdt ti

jjecovers the installation cost of TCSC. After thézovery,

there is no additional revenue will be neededtierTCSC.

IV. APPLICATION OFPROPOSEDALGORITHM

The proposed approach for optimal location of TG®G
been tested, analyzed and compared on a modifieé IE-
bus system [16]. The modified IEEE 14-bus systera ba
generators and 20 transmission lines (includingaBsformer
branches), in which generator at bus number 8 géeeonly
reactive power.

The results are compared with some of the existing
approaches for TCSC placement suggested in [16][&HAd
As per these references, the generator cost andrtkhenefit
functions for both systems are taken as quadradic f
comparison purpose.

1SN1:0000000091950263
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| Read system da |
v

| SetN= 0, krcse=0,1=1,J=0 |
L2

Run optimization program without TCSC in the netvand
determine the objective function, $&kmou= Fon

v
| Set LineL =1 |
| SetN=N+1 |

|

| Place TCSC on link |

Putkresc = kresc™"
Run optimization program and determine the | I=1+1 |
objective functiorFun(l) = Foy |

— min
kresc = Krese ™+ Akrese

is

krese < kresc™ 2 Yes
L=L+1 |«
| Find4F(L) = maximum ofFF,(L) |
v
| Determine optimal value dfcsc, locations of TCSC, reactance of TCSC, operatirigtpsd TCSC and social welfare
v
| Print and save the rest |
Fig. 2 Flowchart of proposed approach
A. TCSC Placement in Modified |EEE 14-bus System TABLE |
By the proposed approach, first optimization hagnbe COMPARISONOF PROF"OSEDAPPROA.CHWITH OT!—iERMETHODS
B d without ideri TCSC in th tworhkd S. FACTS Optimal Social Social %age

per om_]e withou ) consiaering o> n € .ne WO . ajln. Allocation Location | Welfare | Welfare | Improvement
determines the optimal values of objective functoml social Approach (Without |  (With in Social
welfare. After that, the optimization approachoish in Fig. T((;/Sh?) T(%/i)C) V‘g'/f%fe
2_) is ap_plled for gon3|de_r|ng TCSC in the netwalorder to | Fuzzy-GA |Line- 16 1604.57 173 %
find optimal location, objective function and sdaiglfare. In Approact [17]
this case the TCSC is located at line number @ @egment 4- | 2 SQP Line-17 | 1577.3 | 1595.90 1.18 %
7) and corresponding social welfare is shown inl@ab Approach [16]]

Table | al h th . f d tagk 3 Proposed Line -9 1725.79 9.41 %

able | also shows the comparison of proposed tgqakn Approach

with fuzzy-GA based approach proposed in [17] and
sequential quadratic programming based approacepted in From this table, it can be seen that percentageowepnent
[16], in terms of maximizing social welfare. In [[L7the in social welfare is significant by proposed appgigawhen
simulation has been done for smooth and nonsmooti-SC is placed on line number-9 as compared torothe
generation cost curves but the present work hasigered approaches in which placement of TCSC is suggested
only smooth cost curve for comparison purpose. different lines. Figure 3 shows the graphical repreation of
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comparison between different approaches in terms |of Additional Social Welfare after 27.27
maximization of social welfare. The enhancementsatial Placement of TCSC, (G) = + A)
4. Social Welfare With TCSC
welfare by proposed approach compared to another SQP Approach| Allocation at Line Number 17; 1595.90
approaches can clearly seen by this figure. [16] (H)
Additional Social Welfare after 18.6
) Placement of TCSC; (I) = (H - A
1750
. TABLE IV
= 1700 1 COMPARISONOF OPTIMAL GENERATION AND LOAD LEVELS
s L7 I | Bus Without With With With
g 'Y Number| TCSC TCSC for | TCSC for | TCSC for
E 1600 4 pd SQP Fuzzy-GA | Proposed
5 . - Approach | Approach | Approach
S/ D B D Bl [16] [17]
,—- - - E Optimal Optimal Optimal Optimal
1500 -~ i ; ; ; < Value of Value of Value of Value of
Without TCSC  With TCSC  WithTOSC With TOSC Generation| Generation| Generation| Generation
(Fuzzy-GA (SQP (Proposed and Load | and Load | and Load | and Load
Approach) Approach) Appraach) (MW) (|\/|\/\/) (M\/\/) (M\/\/)
) ) ) 1 95.6 95.9 88.84 100
Fig. 3 Social welfare for different cases
Generator 2 100 100 100 190.92
The optimal value of location, compensation level 3 100 100 100 17157
- op , pel P 6 53 55.7 63.5¢ 10C
operating mode, reactance and cost of desired TE&@ Total 348.6 351.6 35243 562.49
been determined from optimization technique progase~ig. 4 107.6 107.7 107.7 188.78
2, which are presented in Table II. 5 116.2 116.2 116.2 200
9 5 5 5 5
TABLE I 10 20.€ 26.€ 26.€ 5
Load
OPTIMAL PARAMETERSOF PLACED TCSC 11 20.7 154 15.4 >
- 12 26 25.9 25.9 5
S.N. TCSC Parameters Optimal 13 5 9.0 92 5
Value/Mode - -
1 Optimal Locatiol Line Number 9 14 29.4 29.5 295 5
2 Compensation Levekrcs) in p.u -0.4¢ Total 3317 335.7 335.7 418.78
i - Ope;aTtggg'Ode _ Cagi%tz"ée Table 1V shows the comparison of optimal generatiod
eactance o esc ) in p-u. il load levels for all three approaches. This comparisas been
S Cost of TCSC ($/h) 0.1106 takes place for constrained optimization case. Rtumtable,

This table shows that the operating mode of pldge8C is
capacitive and optimal value of reactance of TCS&i1025
in order to find the best compensation.

Table Il provides the comparison of results fodigidnal
benefits by all three approaches for modified IEEEbus
system. As shown in this table, additional socielfare after

the total optimal generation with proposed apprdacs62.49
MW whereas total demand is 418.78 MW. This is niban
the total generation as well as demand by another t
approaches suggested in [16] and [17]. It meanutitzation
of the system by proposed optimization techniquaadse than
the other techniques. Therefore, by proposed appraaore

investment cost recovery of placed TCSC by proposeqjeneration and demand improves the market actwitselling

approach is 148.3794 $/h. It is more than the @it social
welfare of other two approaches in which TCSC itwest
recovery did not considered.

and buying more electricity through ISO and impmovbe
social welfare with relieving the congestion.

In order to assess the computational burden optbposed
optimization technique, the total CPU time was mead for
the simulation carried out on a computer with RentlV,
3.20-GHz and 512 MB of RAM. The overall CPU time is
found as 482.27 seconds (even after running opdiioiz
many times) for the modified IEEE 14-bus system.

The following observations have been made by the

simulation with the proposed technique:
1) Simulation time of the proposed optimizationhteique
is very less in comparison to other existing heigris
optimization techniques.

TABLE Il
INVESTMENT RECOVERY BY ADDITIONAL SOCIAL WELFARE
S.N Approach Items Value ($/h)
1. Base Case for| Social Welfare Without TCSC;
All Approaches (A) 1577.3
2. Social Welfare With TCSC 1725.79
Proposed Allocation at Line Number 9; (B)
Approach Additional Social Welfare 148.49
Without Investment Recovery of
TCSC; (C) = (B-A)
Investment Cost of TCSC; (D) 0.1106
Additional Social Welfare After
Investment Recovery of TCSC;| 148.3794
(E)=(C-D)
3. Fuzzy-GA Social Welfare With TCSC
Approach [17] Allocation at Line Number 16; 1604.57
(F)

International Scholarly and Scientific Research & Innovation 6(8) 2012

2)

838

In [8], optimal location of TCSC and static var

compensator (SVC) has been determined by a hybrid
particle swarm optimization (HPSO) technique. They
have studied and analyzed the results on IEEE $4-bu
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and IEEE 30-bus systems with different number dfi0] Narayana Prasad Padhy, and M.A. Abdel moamen, “Ptiowe control

. . . . . . . and solutions with multiple and multi-type FACTSvies,” Electr.
particles. The simulation time in this case is n@drs, Power 9yt Res,, vol. 74, no. 3, pp. 341-351, 2005.

5.22 hours and 8.07 hours for 20, 40 and 60 number [11] yog Raj Sood, “Evolutionary programming based opfipower flow

particles respectively. These times are very huge i  and its validation for deregulated power systemyaig” Int. J. Electr.
comparison to proposed method in this paper. Power & Energy Syst,, vol. 29, pp. 65-75, 2007.
P prop . . pap . . [12] R. D. Zimmerman, C. E. Murillo-Sanchez, D. Gan, MMOWER: a
3) By proposed ap_progch, the_re IS conmderablem in matlab power system simulation package, 2006 [@hlifvailable:
social welfare with installation of TCSC. The inase http://pserc.cornell.edu/matpower.

in social welfare is so much that it even covers th[13] T.T. Lie, and W. Deng, “Optimal flexible AC transssion systems
. . (FACTS) devices allocationnt. J. Electr. Power & Energy Syst.,
installation cost of TCSC. In other words, the g "1q issue 2, pp. 125-134, 1997,

installation cost of TCSC is recovered from enhanceg14] Yog Raj Sood, N. P. Padhy, and H. O. Gupta, “Deetgd model and
social welfare. Therefore no additional revenue is locational marginal pricing,Elect. Power Syst. Res,, vol. 77, pp. 574-

: . - - : 582, 2007.
required for the FACTS device in this opt|mal[15] L. L. Lai, Power system restructuring and deregulation, New York:

approach. John Wiley and  Sons Ltd., 2001.
4)  The proposed technique not only provides the@umi [16] G. B. Shrestha, and Wang Feng, “Effect of serigapamsation on spot

; - ; price power market,Tnt. J. Electr. Power & Energy Syst.,vol. 27, pp.
optimal location of TCSC but also determines the 428-436, 2005.

optimal parameters of TCSC. [17] S. M. H. Nabavi, A. Kazemi, M. A. S. Masoum, “Sdciaelfare
maximization with fuzzy based genetic algorithmTySC and SSSC in
\/.CONCLUSION double-sided auction market,Scientia lranica, Transactions D:

) o ) Computer Science & Engineering and Electrical Engineering (Science
This paper proposed a fast and efficient sequential Direct), In Press Corrected Proof, January 2012.

optimization technique for simultaneously determinithe
optimal location and parameter of TCSC in the delsgd h

power sector. The test results demonstrate thetefmess of Wi
the proposed approach in terms of maximizing theiaso 2
welfare with minimizing the TCSC installation costcovers ﬁ

the TCSC investment cost and enhancing market ngadiprashant Kumar Tiwari (S'11) received his B.Tech degree in Electrical
capability by allowing more generation and demamwugh Engineering with “Honours” from U.P.T.U. Lucknowpdia and M. Tech

the network. The proposed method of optimal placenod degree from National Institute of Technology HamirfHP), India. Presently
) he is pursuing Ph.D in the Department of Electriéabineering, National

TCSC has provided _better results as compared toSQE Institute of Technology Hamirpur (H.P.), India. Hissearch interests are in
approach suggested in [16] and fuzzy-GA approacfl. the area of powe system, FACTS, power sector dixtign, power system

Furthermore, the proposed approach is very fastaaodrate ©ptimization and renewable energy sources.
in comparison to other previous heuristic and neaktic
optimization approaches [8].
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