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Abstract— This paper presents the application of Bes Algorithms (BA) technique to find the optimal number and location of
Flexible AC Transmission System (FACTS) devices tachieve the power system economic generation in @gulated electricity
market. Using the proposed method, the location, pes, and ratings of FACTS devices are optimized sirftaneously. Different
kinds of FACTS devices, namely TCSC, SVC and TCPSHye tested in this study. While finding the optimalocation, line thermal
limits, voltage limits and FACTS operation limits ae taken as constraints in the operation of the sysm. In order to demonstrate
the effectiveness of the algorithm in reducing theverall system cost function, IEEE9 Bus and IEEE3®eliability Test system are
used. A Genetic Algorithm (GA) technique is used fovalidation purposes. The simulation results validte the capability of this
new approach in minimizing the overall system costunction, which comprises of the investments costsf FACTS devices and
generation cost and are encouraging for further impovements for application in deregulated electriciy market.
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increased transfer capability in existing transioissline
|. INTRODUCTION much closer to their thermal limits. However, thetallation

The implementation of FACTS devices in power system partlgular FACTS dey|ce§ at a location of ingérn the
has been growing since the Electric Power Resdastiute SVSFG”_‘ IS restrlc_ted by .'t.s high cost. Therefane, _problem
(EPRI) has introduced this technology in 1980s.reality, of fmdlgg QUt WE'Ch p;)srgon_s atre”thde most Eﬁ‘*e“?‘”dbhow
several difficulties in the power system operatican be many devices have 1o be Instafied on economic hases
overcome by selecting the appropriate FACTS devmsquestlon of great significance by many power system
they offer, to some extents, a degree of freedoer ohe researchers.

influence of the system parameters such as semgslaunt IThihm?m l?bjeft'\;ﬁ of this pa}[per d|s _to le};elop an
impedances, current and voltages [1]. algorithm to allocate the compensation devices egic

The performance of the FACTS devices extends tH)ecatlon in power network. The objective functios %o

possibility that current through a line can be colfed at a m|n|m|zt§ the :otald E[)r:od_uctlotn COISt vvth|cth'|An((::_IIEJ\gceé$et
reasonable cost, enabling large potential of irgingathe generation cost an € Investment cost o 8.

capacity of existing lines, and use of one of tACFS In achieving the objective, the control of all d=§ in the
devices to enable corresponding power to flow thhosuch system should be n 900‘,’ co'or.dlnatlon since |t(7hs§fe?ne
lines under normal and contingency conditions. &dveanother. However, in rgahty, ILis not an easy e bring
studies [2]-[4] have found that FACTS technology ooly th‘? tcontrolftohf aél tc_iewlcgs to I\é\llork (tjoggtherﬁ Thulb_e
provides feasible and practicsdlutions for increasing treng SXIStence o 'T’h P |m.at. ov;/erd't.owl( OP'):S.O wid L‘S)
in transmission system capacity but also increéasedable a Te;e?;ary. € (?[x;_s g fr;;(':OTn;d ~r 1S exen
Transfer Capability (ATC), relieves congestion, ioyes 'n(fl_l;,e € rep'res(ejz.nlg |c()jn§ct) | ewc;zs. Saciio
reliability and enhances system operation and obntr IS paper is dided info several sections. Seci
These reveals that FACTS devices can be placetiein pregents_ the _||_ter_af[ure survey -on al_locatlon of F&C
power systems for different reasons and their lslﬂitadev'(,:es in_minimizing the cost funcuon of the syst
locations can be determined by applying variou tic Section Il illustrates the mathematical modelled FACTS
methods. For instance. FACTS devices can be useditme Devices. Section IV describes the cost function levhi

the flow on the overloaded line and to increase ube of _Secuon V details out the Bees a_llgorlthm for OPF
alternative paths to excess capacity. This allows f|ncorporat|ng FACTS controllers. The simulationulés are

presented and discussed briefly in Section VI. iBacVIl
concludes the paper.
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allocation of FACTS was done using GA and no corispar
has done using other technique.

In [6], Ippolito et al discussed optimal allocatiohUPFC
for maximizing system capabilities, social welfaaad to
satisfy contractual requirements in an open mapketer.
The proposed methodology was based on geneticitligr
and able to identify the optimal number of FACTSan

In [12], M.Saravanan et al attempted to find théirogl
location of FACTS devices for getting maximum syste
loadability and minimum cost of installation of FAS
devices for single and multi-type of FACTS deviaesng
Particle Swarm Optimization. The results showed tHaFC
gives maximum loadability at higher installationstowhile
TCSC required minimum cost of installation with teet

assigned power system network. Yet, this papery orimprovement in system loadability. SVC, on the othand

concentrated on UPFC. Ayman et al [7] studied tlgave
network consideringnprovement in system loadability. As to be présddater,

placement of FACTS in power
generation cost minimization which includes theivacand

lowest cost of installation but with minimum

we have also discovered the optimal number of FACTS

reactive power using Low Discrepancy Sequences. @nedevices needed to be installed in the system fotaice

the drawbacks of this algorithm is the selection toé

system loadability.

number of points in the search space domain foh eac A.A.Alabduljabbar demonstrated in [13], that thetioml

iterations is a time consuming one, especially wihies
number of the optimization variables is high ané $lystem
is complex. Thus, this paper overcomes the aboveéomen
drawbacks by splitting the points and such the agatpnal
time can be reduced significantly. However the pezal
algorithm required longer computational time forge
power systems.

allocation of SVCs was a cost effective measureesithe
installed SVCs reduce the overall generation caesid
additionally contributed to enhance system secuftyhe
transmission network by improving the damping of
electromechanical oscillations. The studies wereiazh out
using OPF and GA to ensure techno-economic soldtion
the network in steady state. Nevertheless, only tgpe of

H.Farahmand et al [8focused on the study of the besSVC was considered which hinder the comparison against

location for SVC to improve voltage profile as wels
maximize the available transfer capability in ortteachieve

other types of FACTS devices in reducing the systeist
functions.

lower prices. However, only capital cost of SVC was The effects of level of TCSC compensation on spatep
considered and no generation cost for FACTS aliooat power market was raised by G.B.Shrestha et al4h [@PF

purposes. Furthermore, this research only considere

incorporating TCSC was used to demonstrate theentle

type of FACTS. In [9], S.N.Singh et al suggestedv feof TCSC in the loads and generation at differergelsuto

optimal locations of FACTS devices and then deteemiithe
best optimal location in order to reduce the preidaccost
along with the device cost. The nonlinear optinm@at
problem was solved based on the sensitivity of rial
power flow performance index. However, this methed
time consuming algorithm since the reactance vafueCSC
was tested randomly for every line. Moreover, traper did
not show any details regarding the generation aast the
resulting savings. Additionally, in the case of TAGE the
FACTS devices cost was not considered.

K.Vijayakumar et al, in [10] presented a novel nogth
based on Genetic Algorithm for optimal locationd&CTS
controllers
optimized simultaneously the rated values, locatand
types of FACTS devices in order to minimized thesray
system cost which comprises of FACTS investmenss aod

achieve significant increase in social benefitsweleer, the
best location to install TCSC was made based ortrthe
and error method. This method might not promiseafgood
solution and took some time to produce a bettertisui.
Variable Series Capacitor (VSC) and TCPST are two
types of FACTS devices used by T.T.Lie et in [1béduce
the total cost of operating and to avoid the probte load
curtailment. A two level algorithm, the decompasiti
coordination was used. In the first level, a tkalue of the
FACTS devices compensation was decided. In thenseco
level, a conventional OPF problem was solved. Heavewne
of the drawbacks of this method is to decide the

in multi-machine. The proposed alganith compensation value of the FACTS devices, in whichased

on trial and error. This method might not yield dasmlution
and takes longer time to determine the appropriate
compensation value of the FACTS devices.

generation cost. However, only two types of FACT&w The extensive survey of the existing works revézds the
considered; TCSC and UPFC. Besides, this paperditso optimal FACTS solution problem is one of main aspen

not show any details regarding the generation aost the
resulting savings offered by the FACTS devices.

the enhancement of transmission system. Howeves, th
installation of particular FACTS devices at a léoat of

The introduction of FACTS in a power system impmventerest in the system is restricted by its higetc®herefore,

the stability, reduces the losses and the costeokgtion
and also improves the system loadability. Theseweoved
by J.Baskaran et al in [11]. In this paper, theroaklocation
of FACTS devices was chosen based on the econ@wiiogs
function, which obtained by energy loss reductidawever,

adverse interaction between FACTS devices andsteiof
where these devices should be placed on econonsis ba
have received great attention by many researclgwth
these issues are addressed in this paper and a new
optimization algorithm is proposed and comparedthe

the simulations were done for single types of FACTE&xXisting established method.

devices. Even though, the results highlighted teiegntage

of total reduction in power losses, but they didt no

specifically show the best location for the ingtatins of
FACTS devices to achieve these results.
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IIl. FACTS MODEL Where X is the reactance of the transmission lXegcsc
_ _ represents the reactance contribute by TCSC apec r
A. FACTS Devices Selection represents the degree of compensation of TCSC. The

The active powerP; and reactive power@Q; flow through working range of TCSCXuin ~Xuax) is set between -0.7 X
the transmission linéj is a function of voltage magnitudeiine and 0.2 Xe [5].

Vi, Vj, line impedanceXij and phase angle between the

sending and receiving end voltagésgj. The selection of 3) TCPST

FACTS devices in this study is based on these powk€PST is a shunt-series connected device. It dcsnsis

equations. three non-identical transformers winding with a tetvi
arrangement that can bypass a winding or revesgmlarity.

p.= i (e 5 ( )This device allows increasing or decreasing thetetal

T voltage phase angle of the circuit by addition ofuadrature

2y = yees(s 5] (2) component to the prevailing bus voltage. This metes

voltage angle between the sending and receiving a&fnd
transmission line can be regulated by TCPST. Thekiwg
range of TCPST is between’-B +5* The phase shifting

It can be seen cleérly from the equationsy &d X should
be controlled either individually or simultaneousty order

to control the power flow of the line. Thus FACT8vites introduced by TCPST should not be too high sincedy

can be applied to control the power flow by chagginpsg agfect the voltage amplitude as well.
parameters so that the power flow can be optimized.

Different types of FACTS have been used in thisdgtu
namely; Static VAR Compensator (SVC) and Thyristor
Control Series Compensator (TCSC) and Thyristorsha The main objectives of this work is to determine th
Shift Transformer (TCPST). The block diagrams oé thoptimal choice of location and the optimal parametiting
devices are shown in Figure 1. of the FACTS device in the power network in order t
Vi minimize social welfare or the total cost of thateyn which
7 ) comprises the generation and FACTS investments.cost
Io—*—:l—cj this work, a modified version of power simulatioackage
MATPOWER 3.2 [16] is used. An OPF incorporating the
Xrese Zime FACTS devices mathematical model and investmentscos
are implemented in order to study the system.

IV. PROBLEM FORMULATION

Xrese=Xasin ~ Xagax

@ ) A. Generation cost
' The generating cost function has been approximatedc
L I.,_,"i'“ "' zib 0 Zim quadratic polynomial function in $/hr given by:
U =

I f.(P)=aP’ +bP + ¢ (4)

© Where P is the generators output in MW and a, bcaare
Figure 1: Block diagram of the (a) SVC (b) TCSCTEPST the generating coefficients in $/MW, $/MWhr and $/hr

respectively.

As shown in Figure 1, the line reactance can begid by
TCSC. SVC can be wused to control the reacti
compensation while TCPST varies the phase anglecleet
the two terminal voltages.

B. Mathematical Model of FACTS Devices

1) svC
The SVC is a shunt connected static VAR generator
absorber. The SVC can be used to control the react
compensation of a systemgyc represents the controllable
susceptance of SVC. It can be operated eitherdagtive or
capacitive compensator. In this study, it is modeds an
ideal reactive power injection dbus | at where it is

Investment [USS/kVar|

connected. The working range of SVC is between -1I 200 1[‘]0 260 360 a
MVAR and 100 MVAR [5]. Operating Range [MVar]
2) TCSC Figure 2: Cost function of FACTS devices.

The TCSC can change the line reactance so as ¢tidaras
inductive or capacitive compensation .The reactante
TCSC is adjusted directly based on the reactancéhef . .
transmission line. B. FACTS Devices Cost Functions
Xi = Xiinet X1csar Xtesc™ 1 1esc Xine (3) Itis important to take into account the economaspects of
the FACTS devices presence in the power systemtalite

: upper limit: total investment cost
_ : lower limit : equipment cost
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high investment and operating cost. Hence, basethe
Siemens AG Database [17] the cost function for Sard
TCSC are as follows:

f svc=0.00038 - 0.3051s + 127.38 (US$/KVAR)
f 1csc=0.00158 — 0.7130s + 153.75 (US$/KVAR)

V. PROPOSED METHODOLOGY

A. Overview of the Bees Algorithm
Bees Algorithm is a novel optimization method depeld

(5)by D.T. Pham in 2006 [18, 191 is a kind of Swarm-based
(6)optimization algorithms (SOAs) that mimic naturaisthods

to drive the search towards the optimal solutiomisT

Where fgyc and frcsc are in US $/KVAR and s is thealgorithm is inspired by honey bees’ foraging bétavin
operating range of FACTS devices in MVAR. The cosfature, bees are well known as social insects wii

function for SVC and TCSC is shown in Figure 2. Tt
of TCPST is normally fixed and based on the ratihghe
circuit in which they are installed. In this studiie cost is
fixed at $100/KVA.

C. Optimal Power Flow with FACTS Controllers

As mentioned previously, the objective function ts

minimize the overall total cost of the system whicbludes
the generation and investment cost of FACTS deviths

objective function is also known as social welfafighe

optimal allocation of FACTS controller can be exgzed as
follows:

organized colonies. Their behaviors such as fotagimating
and nest site location have been used by researtheplve
many difficult combinatorial optimization and furanal
optimization problems. The Bees Algorithm has ptbve
give a more robust performance than other inteilige
optimization methods for a range of complex proldem

B. Natural World of Bees

A colony of honey bees can fly on itself in mulépl
directions simultaneously to exploit a large numbgfood
sources. In principle, flower patches with plerdté&mounts
of nectar or pollen that can be collected with lef®rt

Min Fx) = fulP) + () @ should be visited by more bees, whereas patchés less
Subject to: nectar or pollen should receive fewer bees [18].
E(g,b) = 0 (8 Ina colony, the foraging process starts by sending
M.(g) < my, My(b) < m, (9) Scout bees to search for potential flower patcfiés. scout
Where, bees move from one patch to another randomly. Quitie
F(x)  the overall total cost function which indes the harvesting season, a colony continues its explati
investment cost of FACT®y) in US$/yr and keeping a percentage of the population as _scoux_ .
generation cofi(P) in US$/hr Those scout bees that found a pgtch deposit tleeiian or
E (g,b) : conventional power flow equation pollen when they return to the hive and go to tdante
g - the variables of FACTS devices floor” to perform a dance called as the “waggleaid18].
b : operating state of the power system This dance contains three pieces of informatiorangigg
P : active power outputs of generators a flower patch: its distance from the hive, theediion in
My(g) :inequality constraints for FACTS controller which it will be found, and its quality rating (&tness) [19].
M,(b)  : inequality constraints for conventional power This dance is necessary for colony communicatiou, the

flow.

Since the cost function of generators outputs i&)8%/hr,
the total cost of FACTS devices is converted to shene
units. Normally, the life expectancy of FACTS deascis
assumed to be ten years. This value has been dmplig to
unify the units and has no influence in global ojation.
Therefore, the average value of investment cosalisulated
as follows.

Q)= B  (USS$/hn)
8760 x 10

(10)

information helps the colony to send its bees tuowdr
patches precisely, without using guides or maps.

The information provides from the dance enables the
colony to evaluate the relative merit of differgmatches
according to both the quality of the food they pdevand
the amount of energy needed to harvest it.

The dancer (scout bees) goes back to the flowehpeith
follower bees that were waiting inside the hiveterafthe

waggle dance. More follower bees are sent to more

promising patches. This allows the colony to gatbed in

As mentioned previously, the variation of FacTdast and efficiently. The bees monitor its fooddeduring

location, parameters and types influences the tigec

function. It is not an easy task to find optimadddion, types

and parameters for FACTS simultaneously usirﬁ

conventional optimization methods. Therefore them need
to determine better optimization method in ordeatbieve
the objective function. In this study, Bees Algonmits is
employed for the mentioned purposes. Bees Algostisra
new term in optimization world. The Bees Algorithh8] is
a population-based search algorithm first develdpezD06.
It mimics the food foraging behavior of swarms ahby
bees. In its basic version, the algorithm perfoarisnd of
neighborhood search combined with global search cam
be used for both combinatorial optimization andctional
optimization.

harvesting from a patch to decide upon the nextgleag
dance when they return to the hive. More bees bl

cruited to that source if the patch is still geowugh as a
od source. This information will be advertised tine

waggle dance.

C. Description of Bees Algorithm

This section summarizes the main steps in BA tonadly
allocate the FACTS devices to minimize the ovetathl
cost. The flowchart of the algorithm is shown s $implest
form in Figure 3. This flowchart represents theaffing
behavior of honey bee for food.

This algorithm requires a number of parameterseto
set, namely, number of scout beey, (number of sites
selected for neighbourhood search (outno¥isited sites)
(m), number of top-rated (elite) sites amangselected sites
(e), number of bees recruited for the bessites (ep),
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number of bees recruited for the otherd) selected sites differential recruitment is a key operation of tiBees
(nsp, and the stopping criterion. Algorithm [18].

Step 8:The remaining bees (n-m) are sentriomdom search
Step 1 The algorithm start with initial population ofstout to find other potential sites.
bees. The initial population is generated fromfdilbwing Step 9:Randomly initialized a new population.

parameters; Step 10Find the global best point.

:;ACTS - Lh:cn#éng%rezf FACTS devices to be simulated D. Description of Used Genetic Algorithm

pe : . . . .

N Location : the possible location for FACTS devices A Genetic Algorithm (GA) is based on the mechangfm

Ningiviaual © the number of individual in a population. naturgl selection. It is a powgrful numerical opna’mon
The number of individual in a population is caltathusing algorithm to reach an approximate global maximumaof
the following equations, where: complex multivariable function over a wide searphace. It

Nindividual = 10 XNeacTs X N Location always produces high quality solution because it is
Step 2:the fithess computation process is carried out fordependent of the choice of initial configuratioof
each site visited by a bee by calculating the cost. population. Many researches [20-22] suggested ttheg,

Step 3 repeat gtep 4-3 until stopping criteria is not met.implementation of GA is quite easy and the comjaraf is
The stopping criteria in this study is setRo= 25 XNeacts  relatively simple. However, it can be noticed ti@A has

(Elseterminate.) _ _ possibility to converge prematurely to a suboptiswition.
Step 4:bees that have the highest fitness's are chosen ag, ga the solution to a problem is called a chreome.

“selec_ted bees™{ site$ and sites visited by them are chosef -hromosome is made up of a collection of geneshware
for ne|ghbqrhooq search. Best patches are set @0%e of simply the parameters to be optimized. A genetijprthm
the population size. creates an initial population (a collection of ahasomes),
evaluates this population, then evolves the pojulat

Initialise of a population of n scout bees through multiple generations using the genetic ajoes
{ such as selection, crossover and mutation in tackdor a
- Evaluate fitness of population good solution for the problem at hand.
- In order to optimally allocate the FACTS devicelse t
; parameters used for GA is summarized in Table Ithk
Select m sites for neighborhood search proposed GA, method of tournament selection is Used
v selection [21]. This method chooses each parechbgsing
5 De'e""i"e(zziﬁ;;jghb"’h“d n. (tournament size) players randomly. In this pafrer
“gm E i chosen size is 2. Then un|fqrm crossover type iected
§ 8 8 Recruit bees for selected site with crossover rate of 0.8 while the mutation ratehosen
§‘§ g (More bees for the best e sites) to be 0.01 with uniform type. A MATPOWER 3.2[16] is
g«‘n’ ° v used to solve the power flow calculation in ordecalculate
z = Select fittest bees from each patch the cost function.
l VI. CASE STUDIES AND RESULTS
Assign (n-m) remaining bees to Random search

A. |IEEE9Bus-RTS

The network shown in Figure 4, used in this studythe
IEEE9 Bus- Reliability Test system which consist® dines
and 3 generators. The network data are availalts6in The
voltage limits are set to be between 0.95pu an8pulTo
‘ verify the validity of the results of the proposaldorithm, a
Figure 3: Flowchart of Bees Algorithm Genetic Algorithm method is programmed and used as
benchmark. Table | shows the GA and BA parametsesl u
Step 51t is required to determine the size of neighboch  for simulation purposes. Simulation studies wer@eddor
search done by the bees in the “selected sites”. different scenarios in the IEEE 9Bus -RTS.
Step 6 and 7the algorithm conducts searches around the
selected sites based on size determined in thedstdfore

No
Maximum no of iteration

yes

’ stop

bees are assigned to search in the vicinity obtst e sites. S | L

In this case, the number of bees for elite sitgeisto be 30. 1| 4 :| 9 ]

Selection of the best sites can be made directigraing to oMW C

the fitness'’s related to them. In other word, titeefs values 3MVarT | 1EIMW
are used to determine the probability of the sibeing ° :| 8] ?
selected. Searches in the neighbourhood of the ebsdes @ |

which represent the most promising solutions ardemaore o | 10001

detailed by recruiting more bees for the bestessitan for o8 ! sahvar

the other selected sites [18]. Together with sogutithis Figure 4: Diagram of IEEE9 Bus -RTS
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Six scenarios are considered: TABLE |
e twice normal Ioading at bus 5 i PAR/.\METERS SET FOR GA AND BA FOR BUS SYSTEM

. th i | loadi t bus 5 G| Population size 135n

ree times normal loading at bus A[ Crossover rateg, 0.8

¢ twice normal loading at bus 9 Mutation rate g, 0.01

e three times normal loading at bus 9 Number of generation 100

e three times loading at bus 5 and without generaiton B| Number of scout bees, n 90n

bus 3

e twice normal loading at bus 9 and without generatig

at bus 2

For each case, the simulations are done withotaliagon
of FACTS devices and with FACTS devices. For evefy
particular cases mentioned above, simulations ane avith
installation of only one FACTS device at a timegrththe

Number of sites selected for neighbourhood search).2n
m

Number of best “elite” sites out of m selectedssite] m/2
e

Number of bees recruited for best e sites, nep 30

Number of bees recruited for the other (m-e) 15

selected sites, nsp

Number of iterations, R 25n

system is tested with installation of multi-type BACTS

devices.

The complete results for the cases tested with EEBES
system are shown in Table 1l. Only the best resiat the
particular cases are shown in this table, whesoate time,
the installation of single FACTS device in the systcould
alleviate the power flow problem in the system. ldger, in

e n;: Number of FACTS
comparison with the FACTS costs and its total bierfef

the overall generation cost, FACTS device will le@td to a
cost reduction in the particular situation. For hafghe time
TCSC produces those results. This may be becauseeof
higher investment cost of TCSC when compared to .SVC
Therefore, most of the time, SVC is chosen as thst b

TABLE Il
RESULTS FOR IEEE BUS SYSTEM
Total cost | Allocation Total cost
Scenario Bus without Technique | Device type Rating of Location with FACT Saving
FACTS devices (Uss/hr) (Uss
(Us$/hr) Million/yr)
SvC -22.96MVAR Bus 5 7884.28 0.0420
GA SvC -20.72 Bus 5 7883.05 0.0530
SvC MVAR Bus 9
Twice normal loading 5 7889.07 -9.26MVAR
SvC -19.94MVAR Bus 5 7884.16 0.0430
SvC -1.44MVAR Bus 7 0.0531
BA SvC -17.42MVAR Bus 5 7883.0
SvC -11.86MVAR Bus 9
SvC -53.18 MVAR Bus 5 11193.22 0.3910
GA SvC -5.81MVAR Bus 5 11188.47 0.4330
SvC -15.18MVAR Bus 9
3 Times normal loading 5 11237.91 svC -56.72MVAR Bus 5 11193.03 0.3931
SvC -3.3MVAR Bus 6 0.4385
BA SvC -53.74MVAR Bus 5 11187.85
SvC -21.14MVAR Bus 9
SvC -27.58MVAR Bus 9
3 times normal loading an GA sSvC -17.98MVAR Bus 5 14367.9 3.5130
without generation at bus 5 14768.94 TCPST -5° Line 3 —Line 6
SvC -30.8MVAR Bus 5 14350.8 3.663
BA SvC -17.78MVAR Bus 9
SvC -37.14MVAR Bus 9 9071.72 0.1580
GA SvC -38.5MVAR Bus 9 9070.86 0.1661
SvC -8.5MVAR Bus 8
Twice normal loading 9 9089.82 svC -40.26MVAR Bus 9 9071.61 0.1595
SvC -11.04MVAR Bus 8
BA SvC -6.16MVAR Bus 7 9070.53 0.1689
SvC -41.68MVAR Bus 9
TCSC -8.5%%ne Line 1-Line 4 14565.89 0.5510
SvC -100MVAR Bus 9 14262.95 3.2050
GA TCPST 3.62% Line 4-Line 5 14451.09 1.550
SvC -31.28MVAR Bus 8
SvC -14.68MVAR Bus 5 14248.01 3.3360
3 Times normal loading 9 14628.89 SVC -100MVAR Bus 9
TCSC 99.68Xe Line 5- Line 6 14430.83 0.5520
SvC -100MVAR Bus 9 14262.95 3.2056
BA TCPST 4.99 Line 4- Line 5 14447.41 1.5890
SvC -39.84MVAR Bus 4
SvC -22.98MVAR Bus 8 14246.29 3.3515
SvC -99.4MVAR Bus 9
2 times normal loading an GA SvC 71.64MVAR Bus 8 12824.20 6.731
without generation at bus 3 9 13592.66 SvC 91.9MVAR Bus 7
SvC 90.64MVAR Bus 4
BA SvC 98.01MVAR Bus 8 12819.32 6.773
SvC 94.14MVAR Bus 9
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FACTS device. The results with bold function in Tealbl
represent the results of multi-type FACTS devices the
particular case. The effects of types, rated vahetlocation
of FACTS devices on system loadability and costucgidn
are observed from Table II.

In the case of single type FACTS devices, it iseobad

1.735. This step will make sure all of the loads ar
changed at the same time. Table Ill shows dataaif |
at the base case and after the increment of fact@5.

TABLE Il
LOAD DATA AT BASE CASE AND AFTER INCREMENT

that placing SVC is best compared to TCSC and TCPST BYS Base Case With factor of 1.735
The results summarized in Table Il reveal the falitsi of P(MW) | QMVAR) | P (MW) | QMVAR)
the proposed approach, achieving a substantiaktieduof 2 217 12.7 37.65 22.03
the overall production cost for the system. In ipatar, as 3 24 1.2 4.16 2.08
shown in Table Il, a significant reduction of topabduction 4 76 16 13.19 2.78
cost in the network with FACTS devices installatican be ! 22.8 10.9 39.56 18.91
highlighted in all cases, if compared with those thé 8 30 30 52.05 52.05
network without FACTS devices. This is mainly daethe 10 5.8 2 10.06 3.47
increased power transfer capability of the netwaith the 12 11.2 7.5 19.43 13.01
FACTS devices installed. In network with FACTS, the 14 6.2 16 10.76 2.78
power delivered by the costly generators represknter 15 8.2 2.5 14.23 4.34
portion of the total demand power compared withgbever 16 35 18 6.07 3.12
delivered by the same generators in the networkowit 17 9 5.8 15.62 10.06
FACTS. From this situation, reduction of total puction 18 3.2 0.9 5.55 1.56
cost can be derived for the network with FACTS desi 19 9.5 3.4 16.48 5.90
installed. The results presented in Table 1l, shaw| 20 2.2 0.7 3.82 1.21
significant production cost reduction from 7889.0%$/hr 21 17.5 11.2 30.36 19.43
to 7883.0 US$/hr using BA approach, while reduced |t 23 3.2 1.6 5.55 2.78
7883.05 US$/hr using GA. This shows a total sawvirfig 24 8.7 6.7 15.09 11.62
about 0.0531 US$M/yr using BA while 0.0530 US$M/yr 26 3.5 2.3 6.07 3.99
using GA. This case clearly shows that BA is fagtan GA 29 2.4 0.9 4.16 1.56
to reach about the same results of objective fansti GA 30 10.6 1.9 18.39 3.30
takes 100 generation to converge for the optimuhatiso
while BA only takes 25 iterations to converge. Tefere, TABLE IV
BA could reach the optimum solution in a very resdude _PARAMETERS SET FOR GA AND BA FOBOBUS SYSTEM
time and faster than GA. In particular, it cleaattiwith all | © Population size 615n
population sizes considered, BA performs betten {B& in A Cross_over rate. 0.8
terms of best value of objective function as wsllsaeed of Mutation rate iy - 0.01
convergence. Number of generation 200
B| Number of scout bees, n 410
B. IEEE30BuUS-RTS A Nt

To establish the availability of the proposed mdtho
simulations are carried out on the modified IEEE3(s-

RTS. The considered power system comprises $i
generators, 41 lines and 20 loads. The network deta
available in [16]. The voltage limits are set to letween
0.9pu to 1.1pu. During the optimizations, network
constraints which are voltages, thermal limits &®&CTS

X

Number of sites selected for neighborhood search,0.2n
m

Number of best “elite” sites out of m selectedssite] m/2
e

Number of bees recruited for best e sites, nep 30
Number of bees recruited for the other (m-e) 15
selected sites, nsp

Number of iterations, R 25 n

devices operating limits are taken into considerati

In order to reduce the overall generations costFACTS
devices were optimally placed in the network acoardo
the following procedures:

1. The AC optimal power flow (OPF) was run repeatedly
with a gradual increase in the network loading dact
until it did not converge. The non-convergence was
caused by the violation of one or more constraiimts
the network. The loading factor at the point of non
convergence was just above 1.735 for both active an
reactive power. Hence, 1.735 loading factor was
considered to be the limiting network loading arasw
used as a base case for FACTS devices placement. Th
generation cost for this network loading level was
F(X)orig = 1221.63 $/hr. As mention previously, the
MATPOWER toolbox was used, which contains the
required ACOPF routines to calculate the cost fonct
The changing of the load level was achieved by
multiplying all of the loads in the network by fact

ns: Number of FACTS

2.The simulations are conducted in four scenarios in

order to show the effectiveness of each type of FAC
devices in reducing the overall system cost fumctio
Each time a simulation is carried out, the totakight
single type of FACTS devices are used for optimal
placement in the network. Then, the system is deste
with installation of multi-type of FACTS devicesolir
FACTS devices of each type, 12 in total, are used f
the same purpose. In order to perform comparative
studies, the BA is compared to GA to optimally
allocate the FACTS devices in system. In FACTS
allocation, two variables per device to be deteenin
location and rating SVCs, 25 buses were considased
possible locations (excluding 5 generator buses) an
the allowed rating was between 100MVAR (capacitive)
and -100MVAR (inductive). For TCSC and TCPST,
all 41 lines are considered as possible location fo
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installation. As far as rating limits are concerritady FACTS type will maximize the system loadability. \Wever,
are as follows: TCPST, phase shift range frofto®’; in comparisons with the FACTS costs and its totadedit for
TCSC, range of XTCSC variation from -0.7>and the overall system cost, TCSC and TCPST will natlleo a
0.2X_ Table IV shows the parameter setting for BA andost reduction in this situation.
GA for simulation purposes. In the case of single type of FACTS devices, SV@wsh
3.In order to prevent placement of two FACTS deviaes the best performance compared to TCSC and TCPSip usi
the same bus or branch, a penalty factor w&A and BA. These allocations techniques show thdy o
introduced. The penalty factor increases the cést seven out of eight SVCs required in minimizing thesrall
placing second FACTS devices at the same locatisystem cost function. Using GA, the new total éoswhich
and discard from further consideration. comprises of generation cost and FACTS devicessinent
4. The calculation of objection function is presenteda cost is 1168.60 US$/hr. So the total saving isaxmately
section problem formulation. The objection functisn 0.465 million US$/yr. However, using BA the newatotost
to minimize the overall system cost function oother of the overall system shows a bit lower compareGAo BA
word to maximize the social welfare. could find better location and setting of SVCs imiet could
Table V shows the results of the performed optitioza minimized the system cost function to 1167.36 UE%This
for allocation of required number of single and tintype gives a total saving of 0.4754 million US$/yr. Thest
FACTS devices using BA and GA. The location, sgtiii locations and to install SVCs and their respectedtings
FACTS devices and the respective overall systent céisat found by BA are Bus 6 with 2.9MVAR, Bus 23 hwit
function and saving are shown clearly in this table 17.44AMVAR, Bus 2 with 3.86MVAR, Bus 29 with
This comparative studies show that BA outperforrtied 85.78MVAR, Bus 27 with 54.1, Bus 16 with -19.24MVAR
GA in term of proposing lower value of objectivenfion. and Bus 9 with -25.78. The overall saving in thetaym
For cases of single and multi-type of FACTS devid®4 using SVCs indicates a successful investment irsethe
always produce lower value of the overall systenstcadevices. These findings support the results pubdisin [7,
function, in which gives higher value of savinganyear. 13] where it was shown that the installations of type of
The results of single type of FACTS devices usif@ST FACTS devices resulted in a significant saving fre t
and TCPST are not included in the Table. After theroduction cost. It was also clear from the simatet using
optimization using GA and BA, it is obvious thatele both techniques that the most selected buses $tailliztion

TABLE V
OPTIMAL PLACEMENT OFFACTSDEVICES IN THE IEEEBB0BUS TEST SYSTEM
Total cost
Case Allocation Type of Location Rating of with FACT Saving
Technigue | Device Used devices (US$/hr) (US$ Million/yr)
Bus 4 8.12
Bus 28 -2.42
Bus 23 14.08
GA SvC Bus 27 35.28 1168.60 0.4645
Single Type Bus 29 96.00
Bus 15 4.28
Bus 21 -21.48
Bus 6 2.9
Bus 2 3.86
Bus 23 17.44
BA SvC Bus 27 54.1 1167.36 0.4754
Bus 29 85.78
Bus 16 -19.24
Bus 9 -25.78
Bus 9 -40.38
Bus 16 -16.52
Bus 12 7.82
Bus 4 -2.18
SvC Bus 27 24.6 1189.00 0.2858
_ GA Bus 8 -12.32
Multi-Type Bus 29 78.38
Bus 24 6.86
Line 6-8 -0.02%ne
TCSC Line 21-22 0.02e
Bus 2 9.04
Bus 27 28.84
BA Bus 29 98.14
svC Bus 6 0.8
Bus 14 -19.98
Bus 8 6.94 1172.7 0.4286
Bus 24 -25.84
TCSC Line 3-4 -0.0003 e
Line 16-17 3.838
TCPST Line 12-15 2.57%
Line 23-24 3.126
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of SVCs are Bus 23, Bus 27 and Bus 29. This istdute Figure 5: Effect of number of FACTS devices anddis function
critical voltages of those buses during the loactément.
The injection of reactive power to those buses prawent  In term of speed of convergence, BA always converge
the voltages from collapse. faster than GA to a global better solution. To haveetter

In the case of mu|ti_type devices, the values tatiedl in clarity, the convergence characteristics in flndiﬁgCTS
Table V are the best combination with minimum cosfyPe, location and size of the selected FACTS devits
minimum number of FACTS devices required for th@iven in Figure 6 for BA and GA. This Figure shaotfat the
particular load increment. In this case, the respéirformed convergence of BA is much better than the GA.
by BA always better than the GA. After the optintiaa

1320

using GA, eight SVCs and two TCSC are selected to \ ——BA
minimized the system cost to 1189 US$/hr, in wigobpose sl .
a total saving of approximately 0.2858millionUS$/yithis
does not indicate a significant saving as propdwsetthe BA. 12800l i
The optimization using BA indicates the best corabon of

FACTS devices that are required to minimize thealtot s}
system cost to 1172.7US$/hr are using seven SV@s, o
TCSC and three TCPST. This reveals that BA suggests
higher number of FACTS devices to be used for thst c
minimization compared to the GA. However, the tataling
recommended by BA is absolutely higher than the Glde
FACTS type and their respective location and sgftinplied

by BA are SVCs at Bus 2 with 9.04MVAR, Bus 27 with
28.84MVAR, Bus 29 with 98.14MVAR, Bus 6 with
0.8MVAR, Bus 14 with -19.98MVAR, Bus 8 with - 1160 ‘ ‘ ! ! ‘ ‘ ‘ ‘ ‘
6.94MVAR and Bus 24 with -25.84MVAR. Three TCPSTs oo e ™

Iteration/Generation

1240+

Fitness Function

1220

1200+

11801

located at Line 16-17 with 3.838Line 12-12 with 2.57% Fioure 6. haracteristics of BA andiud ution 1

A . . P Igure o: Convergence characteristics o andi Ing solution Tor
and Line 23-24 with 3.126 while one TCSC is installed at multi-type FACTS devices.
Line 3-4 with -0.0003 .

In all cases, it is observed that FACTS devicesravg The computational time required to perform the
the line flows even nearer to their thermal linaited improve optimization is mainly depends on the number of FAC
the voltage profile. For IEEE30 bus system, SV@hesbest devices used and number of lines or buses in thersy In
choice of FACTS type for overall system cost mimation. other word, it depends on the population size amdber of
SVC has a lower cost of installation compared t&T&nd jteration or generation. The best parameter seftngoth
TCPST. Even though TCSC and TCPST have also improwechniques based on several tuning are shown ie Tl
the system loadability and reduced the generatamt, dut The best elapsed time for GA for single type opttibn is
their installation cost are higher compared to SVRIs will  5.12hrs while for BA is 4.17hrs. This shows that BAaster
lead to increase the total production cost of thstesn. than GA in term of computational time for the saosse

Therefore, the best choice goes to SVC. studies.
The effect of numbers of FACTS devices versus the TABLE VI
fitness function can be seen clearly from FigureThis __ COMPUTATIONAL TIME FOR BOTH TECHNIQUES
figure shows that the totals of seven FACTS deviaes | Allocation _ Computational time (second)
enough to reduce the overall system cost functiamther |1echnique | Single-type FACTS Multi-type FACTS
increase in the number of FACTS devices will natdido (B:ﬁ Egzggg gggizgi
any further minimization in the overall productioost. . :
1600 VIl. CONCLUSION
15507\‘ e This paper has presented a new optimization algurito
. j:zi\ltype optimally allocate FACTS devices to minimize theato
00t | g production cost. The simulation results have prowex the
[ proposed algorithm has remarkable robustness iimizimg
1e0r | 1 the overall system cost and maximizing system |bdita

wol | | Furthermore, the results have also shown the aféaatss of
the new approach in simultaneously optimized theCTF&

Fitness Function

wop : location, rated values and FACTS types. It is actical
| ‘\“ method for the allocation of FACTS devices in lapgmver
R 1 system.

N The Bees algorithm converged to the maximum without
N __________. becoming trapped at local optima. The algorithmegelty

1200 ] outperformed the GA techniques that were compaiiéd itv

************* in terms of speed of optimization and values of tbsults

M5 W s o s m % o & = obtained. The main advantage of BA is that it does

Number of FACTS Devices require external parameters such as cross over aade
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mutation rate etc, as in case of genetic algorittimese are [14]
hard to determine in prior. The other advantagéhad the
global search ability in the algorithm is implemeshtby [15]
introducing neighborhood source production meclmnis
which is a similar to mutation process.

However, one of the drawbacks of the algorithmhis t
number of tunable parameters used. Neverthelesss it
possible to set the parameter values by conduetisgall
number of trials.

As far as the authors are concerned, this is th& fi
application of Bees algorithm in power system aggiion
with regards to FACTS devices. Ideas presentelishpaper
can also be applied to many other power systemgmrab In
near future the authors would like to report furthelated
studies by including the generation and FACTS dpmal
cost in the computation of ATC.
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