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Abstract

The appearance of Flexible AC Transmission System (FACTs) controllers is completely changing the
way transmission systems are controlied and operated. Most FACTs controllers are basically based on variable
shunt and/or series compensation of transmission systems. One of the most famous type of FACTs is the Static
YAr Compensator (SVC), which is basically used as & cure for both voltage and voltage stability problems.
However, SYC may also affects the Available Transfer Capability of the system (ATC), Line Overload and
Losses. As the power system is economically operated, hence it is important to study the economical effects of
SVC on power system operation. This paper presents a construction of a complete Cost Benefit Analysis (CBA)
model for SVC insertion into power system to select the best location and size for that insertion. Generally CBA is
based on comparison beiween the cost and benefit for a specific alternative. In our case, the cost components are
mainly the cost of the SVC device and its cost of installation and maintenance. While the benefit components are
that due to improving voltage stability in terms of increasing the voltage stability margin (VSM), benefits due to
extending the ATC, and the benefits as a result of relieving line overloads in the system in terms of reducing the
line overload (LQ) and finally reducing the system losses. However for the same hardware the cost is the same,
So, the most economical alternative is the one with the maximum total benefit. This paper also, introduces 2 new
Unified Index (U1) for ranking contingencies. The proposed CBA algorithm is tested for SYC insertion into the
IEEE 26-bus system subject to contingencies.

1. Introduction

Flexible AC transmission systerns (FACTS) forms new
domain in power system control and operation. FACTS
are  allernating  current  transmission  syslems
incorporating power electronic-based and other static
controllers to enhance controllability, stability and
increase power transfer capability. They are cither pure
controlled electronic devices or conventional elements
such as resistor, reactor or capacitors controlied by
electronic devices. The coatro!l here will be either
swilching out and in or continuous phase angle control,
according to these control techniques; they are called
switched or controlled devices [1]. The main objectives
of such devices can be restated as increase the power
transfer capability of the transmission networks, exiend
stability margin of power system, provide direct control
of power flow over designaled (ransmission routes,
increase the power system performance by delivering or

absorbing reactive power. provide significant benefits in
terms of greater flexibility , and finally reduce system
Josses as it provide the required reactive power so the
current is reduced and so the system losses. One of the
most famous type of FACTs is the Stalic VAr
Compensator (SVC), which is mainly used as a cure for
both voltage and voltage stability problems [2].

As the power systems are always operated from
economic point of view, there is a need to perform
ecanomic analysis of SVC devices insertion into power
systems. The main purpose of this economic analysis is
to select the most ecanomical location and size of SVC
to be inserted al a specific case. Cost benefit analysis
(CBA) is a systematic comparison between the costs and
benefits af a proposed (or existing) policy or expenditure
and can be used for economic analysis. In this paper, the
benefit component due to SVC insertion could be as
follows: first, voltage siability improvement; second,
available transfer capability improvement; third line
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overioad relief and finally system losses reduction. The
success of CBA practice essentially depends on our
sbiliry to comectly account for possible cosis and
benefits that may be associated with the decision [3-5).
The main coniributions of this paper are ; First
introducing a unified index, Ul for ranking the listed
conlingencies based on the voliage stability margin,
available ransfer capability, line over load index and
system losses; Second constructing 3 complele cost
benefit analysis (CBA) model for economical insertion
of SVC inta power system. The proposed algorithm
includes a complete contingency analysis of the system
to identify the ones that need SVC insertion using the
unified index. Then for these cases, the location and size
of the SVC are selected economically by maximizing the
lotal benefit. The proposed algorithm is tested wsing
IBEE 26-bus sysiem.

2. Problem Formulation

Aiming ot constructing a complete cost benefit analysis
(CBA) model for insertion of SV into pawer system,
both benefit end cost components should be identified,
caleulated and then valued. Mainly the cosl component
in this case is the cast of the SVC device and its cost of
installation and maintenance. While the bencfit
components resulling from this insertion are benefits due
lo improving, voltage stability in 1erms of increasing the
voltage stability margin defined in MVAr, benefits dus
10 extending the available transfer capability defined in
MW, benefits as a result of relieving line overloads in
the sysiem in tevms of reducing the line overload
defined in MVA and finally reducing the sysiem losses
defined in MW,

2.1. Flexible AC Transmisslon Sysiems
(FACTS)

FACTS are altemating curment transmission  Sysiems
incorporaling power electronic-based ond other static
ponirollers to enhance controllability and increase power
transfer capability. They are either pure controlled
clectronic devices or conventional elements such as
resigior, reacior or capacitors, conirolled by clectronic
devices. In general, FACTS controllers can be classified
as ollows: Series, Shunt, Combined Series-Serics, and
Combined Series-Shunt Controllers [6).

The series controllers could be varisble impedance, such
as capacitor, resctor, elc, or power clectronics based
variable soutce of main frequency, sub synchronous and
harmanic frequencies {or a combination) o serve the
desired need. All series controllers inject voltage in
series with the line. The shunt controllers may be
variable impedance, variable source, or 3 combination of
both In principle, all shunt controllers inject current i_nlo
the system of the point of connection. Combined series-
series controllers could be a combination of separate
series controllers or it could be & unified controller, in
which series contrallers provide independent series
reactive compensalion for each line but also transfer real
power among the lines via the power link. Combined
series-shunt controllers could be s combination of

separate shunt and serics controllers.or a Unified Power
Flow Controller with series and shumt elements. In
principle, combined shunt and series controllers inject
current into the system with the shunt part of the
controller, However, when the shumt and series
controllers are unified, there can be & real power
exchange between the serics and shunt controllers via the
power link [7-9] In this paper, SVC is introduced as an
example of the shunt connected FACTs

2.2. Static VAr Compensator (§VC)

SVC s & shum connected slalic reactive power
generator/lond whose output is adjusted to exchange
capacitive or inductive current $0 as 10 maintain or
contro| specific power system vanisbles. SVC is similar
10 a synchronous compensator in that it is used 10 supply
or absorb reactive power but without rotating part. It
operales similar 10 8n automatic voliage regulator system
10 sel and maintain a target voltage level,

The 1wo most popular configurations of the SVC are the
fixed capacitor (FC) with & thyristor controlled reactor
{TCR), and the thyristor switched capacitor (TSC) with
{TCR). Of thesz two setups, the second (TCR-TSC)
minimizes standby losses; however, from a steady-stzie
perspective, this is equivalent to the FC-TCR siructure as
shown in Figure |, The TCR consists of 8 fixed reacior
of inductance L and a bi-divectional thyristor valve.

L.

—ow {L =
al

FA |

Figure 1. Basic Structure of SVC
The thyrlstor valves are fired symmetrically In an angle
a with a contral range of 90° to 180°, with respect to the
capacitor (inductor) voltage. The valves automatically
fum off at approximately the zéro crossing of the AC
current. Equation (1) sccurately describes the sieady-
state behavior of the SVC when connecled 10 a sysiem
bus X
V-V + X, V8 =0

Qrﬂ. .—l":ﬂ' = 0 {”
ZX_X,B, +sin(2a)+ x(2 -%) =0
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The ininalization of the SVC variables is done either
from a “flat start“ or from a user defined initial guess.
This flat start is based on the initia} values of AC
variables and the characleristic of the equivalent
reactance. The SVC control limits are basically
represented as limits on the firing angle a, ie.,

o€ (a, v Gy )
where
@, : is the minimum firing angle and

@, is the maximum firing angle

So, a specific SVC may work in a continuous wide range
of reactive power compensation by changing the firing
angle. When we refer (o the cost of the SVC , we assume
it is the cost of the hardware but the corresponding
reactive power varies with changing the firing angle as
long as it is working in the range between the minimum
and the maximum firing angle. When more rezctive
power than the one corresponds to the maximum firing
angle, another SVC is needed. The steady state circuit
representation of the SVC is shown in Figure 2.

Vi X ' Vi

Figure 2. SVC Steady-State Circuil Represeniation

2.3. Voltuge Stability

Voltage stability is defined as the ability of the power
syslem 1o maintain acceptable voltage at all nodes of the
system under normal conditions and afler being
subjected to a disturbance. Voltage stability is measured
by the distance that the operating point is far from the
collapse point in terms of active or reactive power using
the PV curve or QV curve. In this paper, QV curve is
used as there is a strong relationship between the
reactive power and the voltage,

The influence of reactive power characteristics of
devices at the receiving end (loads or compensaling
devices) is more apparent in the QV Curves relationship
as shown in Figure 3 that shows the voltage stabilily
limit at the point where the derivative dQ/dV is zero. An
increase in reactive power will lead to an increase in
voltage during normal operating conditions. Hence, if
the operating point is on the right side of the curve, the
system is said to be stable. Conversely, operating poinis
in the left side of the graph are deemed (0~ be
unstable(10-12].

Q(VAr)

Total reactive power

Bus voltage magnitude V(pu)

Figure 3. Typical Q - V Curve
2.4. Available Transfer Capability (ATC)

Available Transfer Capability is a measure of the
transfer capability remaining in the physical transmission
network for further commercial activity over and above
already committed uses. Mathematically, ATC is defined
as the Total Transfer Capability (TTC) less the
summation of the Transmission Reliability Margin
{TRM) and the Capacity Benefit Margin (CBM) as
shown in Equation (2):

ATC = TTC - TRM - CBM o))

Total Transfer Capability (TTC) is the amount of eleciric
power that can be moved or transferred reliably from one
area o another area of the interconnected transmission
system over transmission lines (or paths) between those
areas under specific system conditions moce than the
transmission  commitment.  Transmission Reliability
Margin (TRM) is the amount of transmission (ransfer
capability necessary to ensurc that the interconnected
transmission network is secure under a reasonable range
of uncertainties in system conditions. Capacity Benefit
Margin (CBM) is the amount of transmission transfer
capability reserved by load-serving enlities to ensure
access 10 generation from interconnected systems 1o
meet generation reliability requirements [ 13-16].

2.5. Line Overload

Another parameter used (o0 measure the system
performance and the effect of the SVC insertion is the
line averload, LO , that measures the System overload
and expressed as follows [17):

NL
LO=) MVA, -MVA™
k=1

Where:
MVA,: Apparent power flowing at bus k,
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base
WA.& . Base Apparent power flowing at bus k,
K: Line index
NL: Total number of lines in the system

3. Praposed Algorithm

The proposed for selecting (he miost
economical SVC is represented in the following steps:

Step 1: Read Systern Dala

Step 2: Perform base case power flow

Step 3: [ there is any violation go 1o step 1. if
nﬂ.m‘llr

Step 4: Read list of contingencies, Nc

Srep 5: Calculaie performance indices of each
contingency

Step 6: Rank contingencies using Unified Index
{ Sub-algorithm A)

Step 7: Identify the contingencies that need
support, Nr

Step 8: For first ranked contingency
Step 9: Select SVC location using Sub-algorithm B.
Step 10: Sedect the SVC size using Sub-
algorithm C.
Srep 11 Wdentify the economical location and size of
svC
Stepl2: IF last ranked contingency, end, else
chouse next contingency and go 1o

step 9
Stepl3: Display Resulis
Sitep 14: End

Sub-algorithm A (Ranking Algorithm Using the
Unified Index)
Step 1 Read contingency number
Svep 2: For first contingency, get performance
indices VSM, ATC, LO and Ploss.
Step 3: 1f last conlingency, continue. Otherwise,
choose next contingency and go to step2.
Step 4: Normalize performance indices for the
listed contingencies as follows:

NFSM, = VSM,/ VMo
NATC, = ATC,/ ATC.....
NLO, = LO/ LD
Nlosses, = Losses,/ max Losse
Step 5: Calculate Unified Index,Ul st each
as follows:
Ul =W, ® NVSM, + W, = NATC, +
Wy %l -NLOY + W, * (1 - Nlosses)
Step 6: Rank the conlingencies according 1o the
values of UI from the lower to higher as
the one with lowest Ul is the one that
need support most.
Step 7. End
Step 8: Retom

Sub-algorithm B (SVC Location Selection Algorithm)
Siep 1: For first location.
Step 2: Model the congested system with the
SVC nt the selected location.

Step 3: Calculate performance indices, VSM™™,
ATC™ L™ A

Step 4: Calculate improvement in performance
indices as following;

A VSM = VSM™ - VSM™

AATC = ATC™" = ATC,

ALO=LO™-LO0"

A Plaxe = P < p "
Step 5: Calculale 1otal benefit due 10 insialling

SVC at the specific location,
TB = By, "AVIM 4 8,5 "BAT
+ Bip®Al0O +8u.'AP,,,
Step 6: 1T last location done go 1o next step.
Otherwise, choase next location and
go o slep 2,
Step 7: Select the location that maximizes TB.
Srep 8: End.
Step ¥ Return,
Sub-algorithm C (SVC Location Selection Algorithm)
Svep 1: For first size.
Step 2: Model the congested system with the
SVC ot the selected location.
Step 3: Calculate performance indices, VSM™™,
ﬁrc-'.l-o.-:rh-“-
Step 4: Calculate improvement in performance
ndices as following:

8 VSM = VSM™ - vSM™

A ATC = ATC™ - ATC™,

ALO = LO™ - LO™.

8 Ploss = P - £,
size of Step 5: Calculate total benefit due io specific
SV at the specific location:

TB = By "8 VSM + Byn"8AT
+ 8,0°0L0 48,.°0P,
Strep 6: If last size done go 1o next slep.
Otherwise, chooss next size and
go 1o step 2.
Step 7: Select the location that maximizes TB.
Step 8: End.
Srep 9. Retum,

d, Case Study and Results

4.1.  System Description

The proposed algorithm is tested using the 1EEE.26-Bus
system thal's shown in Figure 4. This system consists of
& generating units and 20 load buses; totsl active power

excluding the slack bus of the system is 539
MW, The total load of the entire systern cquals 1263
MW and 637 MV Ar, the base power of the test system i3
taken as 100 MVA and the total compensation reactive
power is 22 MV Ar. The system has 7 transformer and 46
transmission lines, Bus | is considered as the slack bus
[18]. The system is divided into two arcas. For base case
result, there are no any line overload or voliage

problems.
4.2. Contingency Analysis

The IEEE 26-Bus system is subjected to many
contingencies. In this paper, seven of these contingencies
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e introdeced. The st of these conlingencres = &l
Fnllgws:

Contingency no | Loss of Line {1:2)
Contingency no.2- Loss of Line (1-18)

Conlingency no.J: Loss of Line (3-13)

Contlngency no,4: Loss of Line (5-6)
Contingency no.3: Loss of Line (6-19)

Contingency no & Loss of Line (12-14)

Contingency mo, 7 Loss of gemerutor §,

The system i subjected 1o dilferent cowfingencess
{outage of irsmumission line o ing unit), ihe
syslem may have some problems such ps wologe
problem. When voltage magnitode # any bus of the
systom violstes the acceptable limits (0.95 pu < V] €
105 pu} Volage stability problem is noticed by
calculsting voltape siability margin. Stabilsty margin
determime how far the sysiem ks operating from the
volage collapte point. Also, VEM represents the
istance, m MYAr or perLTitage, from i bate cage
operating point 1o the maximum power transfer
capability pont of the sysiem (QV-Carve nose point),
System overload is measured by line overioad  (LO)
For the listed contingenches, Table 1 summanizes the
volge problems, voliage stability margin, and the
weakesi boses. Howewer, svailable transfer capabiliiy,
and line overload  and system losses Tor the lisied
conlingencies ans summarized in Table 2

Table 1. Summary of Voltage Problems and

VEM for the Listed Contingencies
Coni#] Drsteiption]  Valtage Voltage | Wenbent |
FPrubiem Sianifry [
Mlargie l___s’_
i i ‘Hone D Mvar] 192023,
idipu RN
k| L. ﬂ JEm A [TNEATY
i- iEpw A
] |:r|. fone A5E MV [ 1T IS,
Iipu U
4 i
H MV H.m:lla
;E Hipu
[  Mipss 152 RN AN
{12-14) .
1] LG Mvar | 1500
5pu Fra

Tabie 2. Summary of ATC, LO and Sysicm
Losses fior the Listed Contingencies

Contd  Description | ATC LO(MVA  System
(MW) Lasses
(MW)

LoL(I-T) | 2| 3300 361
LOLO-1R) | L1301 7346 34,6

LOLE-13) | 8L 79} 171

L5 Istanding
“LOL(s19) | W3 | s | 213
i-14)] 363] 6919 154

LOGS X A21.2 [LX]

[ | [ et | |

4.3. Contingency Ranking

For ranking purpotes, the performance indices ane
normalized iging the lollowing fommule;
Mormalized Vohage Stability Mangin,
NFI, = FSM,/ FS g,
Mormalized Avallsble Transfer Capabllicy, N
ATC, = ATC, /AT
Mormalized Line Overload |
NLO, = L0 L0
Hormalized System Losses,
NLowses, = Losses, / mar Lognes

Then, the uniTied index is calculoted as;

L= W= NESM A+ W, MATC, + W) *

1} = NLOY + W, * ] - Miasses)
Where i, ¥, W, W, sz weighting facion, whene the
summetion of W, Wy, Wy and W, equals unity, The
values of W's are varying from wiility to uiiliy and from
system 1o another bated on the imporance of ome
parformanss index ower annthér one. My obr c2iE WY
Sedect: [ W, W, W, W, | =f0d4 05 82,07 Table 3
liis the normalized perfomance indices, unified index
of ihe lisied contingencies.

Table 3. Mormalized Pert'nrm:nu Indlm ancl

Li For Differem
___Conts
1 LOL {12} I T i}
i LoLp-in] ox] owed - 225
3 LOL(3-00)| o4l asTy (04| vi2f @
[ LOL {58 Itamdg
5 LOL (6-191] B43] @RS 030
[ T T T ) IEI.L:
7 1068 | %

The conlingencies that ranked [rst (low unificd ndex)
are the oncs thal need support. As shown fiem Table 3,
contingencied # I, 2, 7 are the most serious ones and
ihhere is 3 suppon needed.

d.4. Economical Insertion of $1°C for
Contlngency Rankeda !

The selected SVC is chosen from the availsbie standards
fhas satisfies the mnge of the required reactive power in
the test system, The chosen SVC has the fallowng dala:
Me=543, X, =232, 0 = 120", Qe = |58 MVAP,
U = 180" | Q. = 200 MVAr [13) Equation (1)
governs the SVC behavior. The econombcal msertion of
the SVC in the system has 2 folds: Firat, economical

Incation selettion; second, economical size selection.

¢ 4,1 Location Selection of SFC ai the Care of
Coistingency Ranked §1

For contingency ranked no.i (Lo af Line {1-23). SVC
with spacific pize Q.= 584 MYAr) is inserted al the
weakest buses (19, 23, 22, 13, 10, 6} The task now i lo
search for the oplimum locanon smong these buses
Table 4 shows a summary of the ce indices

when the sysiem is subjected 10 the loss of line |-2.
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As shown in Table 4, bus #19 is considered the best
location for SVC considering the voltage stability
margin only. However, bus #22 is considered the best
location if the available transfer capability is considered
alone. Considering line overload s the only index, then
bus #23 is the best location for insertion SVC and
finally, buses 22 and 19 are the best locations if we
consider the system losses as the only index. So. to
decide properly the best location of inserting the SVC
economically, Cost Benefit Analysis is Introduced. The
first step in performing this is to cvaluotc the
improvement in the performance indices and then
valuing this improvement and calculate the total benefit
due (o insertion of SVC. Since, it is only one SVC we
are taking about. So, the total cost is the same and the
choice thal maximizes the total benefit is the most
ecanomical choice. Improvements in VSM, ATC, LO
and Losses after using SVC at different locations are
shown in Table 5.

Table 4. Summary of Performance Indices of the System
Subjecied to Contingency Ranked #1 and SVC Installed

a* D""eren* Locations.

r Inde Static VAr Compensator Location
Bus| Bus (23| Bus (22| Bus (13 Bus| Bus
(19) (19)] (6)

V.M. | 405 3825| 382.5| 3B25| 360 360

MVAR) | 27 (25.5)] (25.5)| (25.5) (24) (24)
 VSM (p.u |
ATC | 757 626 | 974| 60.1| 5337 60

3#

(MW)
L0 | 2794 2523 2682| 3238| 2814
_(MYA)
Proses 15 351 35 164 35.2 353
(MW)

Table 5. Improvements of Performance Indices When
Inserting  SVC at Differsnt Locations for Contingency
Ranked #1.

Improvemer Static VAr Compensator Localion
tin Indices| Bus[ Bus (23] Bus| Bus(| Bus| Bus(d
(19) 22 3| (o)
AVSM 67.5 45 45 | 2250 225 1225
(MVAr)
AATC 16.5 34 382 09| -55 08
(MW)
ALO 70. 98 B82.1] 26.5| 689 438
(MVA) _
AP, L1 o i -03 0.9‘ 0.8
(MW) |

Aiming 1o estimate the benefit of inserting the SVC iato
the system, we have 10 value the improvement of
different indices. Of course these values are different
from system to another. The chosen value arc 20§ /
KVAr for VSM, 158 / KW for ATC, 58 / KVA for LO
and with respect to system losses 0.015 / KWh, After
calculating the total benefits, the mast economical
location for inserting SVC at case of contingency ranked
no.| {outage af line (1-2)) isbus #19.

4.4,2. Size Selection for insertion of SVC for
Contingency Ranked #1

Now, after selecting the location of SVC, the proper size
of reactive power inserted from SVC has 10 be chosen,
especially changing the reactive power occurs by
changing the firing angle only at no cost. Table 6 shows
a summary of the performance indices when inserting
SVC with different sizes at bus #19 for contingency
ranked | .

Table 6, Summary of Performance Indices when
Inserting SVC with  Different Sizes for Contingency
Ranked #1

Befor| Static VAr Compensator Size, MVAr
Indices sSv(C
327 584 874 130.6] 1479
vSM | 3374 3825 105 42751 4725 495
(MVAr| Q25 255 Qan 2835) Q1%
VSM (p.
ATC 5921 77.1 757 614 67 75.6
M)
LO 350 3105 2794 | 2605| 2481 246
(MVA)
Prueo | 361 356 35 349 35 351
Mw) | |

To select the economical size of the SVC, improvement
in VSM, ATC, LO and losses afier inserting SVC with
different sizes are calculated and listed in Tzble 7.

Table 7. Performance Indices Improvements when
Inserting SVC with Difierent Sizes for Contingency
Ranked no. |

Static VAr Compensator Size, MVAr
SVCSize/ ™ 339 84| 87.4| 1306] 1479
MVAr
AVSM 45 67.5 90 135 157.5
(MVAr)
AATC 179 165 22 78 16.4
(MW)
ALO 39.8| 70.9 893 102.2 104
(MVA) |
APes | 05] 1.0 12| 1| 10
(MW)

After calculating the Improvement of the performance
indices end valuing these improvements, the total benefit
is calculated at different sizes of SVC as shown in Table
8

Table 8. Total Benefits when Inserting SVC

with Different Sizes for contingency Ranked#)
Static VAr Compensator Size, MVAr

32,7 58.4 87.4| 130.6] 147.9

T8
5941| 8623 | 10049 14416 16486

*10008)
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Based on the above resulls, it is clear that the nost
economical size for this comtingency is Q.. = 1479
MVAr at bus #19.

The same procedure were repeated for contingency
renked #2  (Quiage of generator GS) and the proposed
olgorithm results thoi the most economical lecation Is
bus #25 and the optimum size Q.. equals to 110.5
MVAr. However for the contingency ranked#3 (Outage
of line (1-18)), the most economical location for
inserting SVC is proved to be bus #15 and the most
economical size 18 Qe = 190.4 MVAr

5, Conclusigns

This paper presented a construction of a complete cost
benefit analysis (CBA) model for SVC insertion in
power sysiems (o select the best location and ecanomical
size for that insertion . The cost components are mainly
the cost of the SVC device and its cost of installation and
maintenance. While the benefils are: that due to
improving voltage stability, increasing the available
power iransfer capability, relieving line overloads m the
system and recucing the system losses. All these benefits
are calculated and valued to represent the total benefit,
However for the same hardware the cos! is the same and
the benefit 18 varied according to the SVC size and
location, So, the most economical aliemative is the one
with the maximum total benefit. The proposed algorithm
is applied 1o give the best location and economical size
selection of the SVC. The proposed CBA algorithm is
tested through its application on the IEEE 26-bus sysiem
subjected 10 7 contingencies. The result ensures
simplicity and accuracy for identifying the most
economical Jocation and size of SVC.. Also, this paper
suggested a onified index for contingency ranking. This
mdex is based on the Voltage Swbility Margin,
Available Transfer Capability, Line Overload  and
Syskem Losses

Also, the Proposed algorithm is very general and can be
used for different types of FACTSs and even can be used
for type selection among available types of FACTS.
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Figure 4. One-line diagram for 26-Bus System



