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1. INTRODUCTION
In emerging electric power systems, increased &@itns may often lead to the situations where
the systems no longer remain in the secure opgratigion. The security [1, 2] of a power system ban
defined as its ability to withstand a set of seybré credible contingencies and remain in an aatde new
steady state condition. Various factors, such ag@mmental, right-of way and high installation toémit
the expansion of the transmission network. Utditiry to maximize the utilization of the existing
transmission asset that may, sometimes, lead ézums operation of the system. Increased loadimpwer
systems, combined with deregulation of the powdusgtry, motivate the use of Flexible AC Transmissio
Systems (FACTS) controllers [3-13] such as Thrisbmntrolled Series Compensator (TCSC), Thyristor
Controlled Phase angle Regulator (TCPAR) and Udiffeewer Flow Controller (UPFC), for power flow
control as a cost—effective means of dispatchimgifipd power transaction and maintain systemsrigcu
However, due to the high cost of these controllgris necessary to locate them optimally in the
network. Several papers, reported in the litemtdeal with the optimal placement of FACTS coménsl
However very few [5, 6] have discussed the metHatlair optimal location in view of enhancing thestem
security. In [6] deals with optimal location of TC&nd [7] have presented a method of optimal atlon
of UPFC in view of enhancing the security. Theseksaised DC power flow approximation model and did
not suggest a method to determine optimal settfig®ntrollers. In [5] suggested the use of ptetaéter
for security enhancement and obtained its paramssieig Optimal Power Flow (OPF) formulation. In [8]
have proposed a new formation for reactive powanmihg problem including the allocation of FACTS
device, but the result have been demonstratedvenyaa small system. In [10], two objective funaschave
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been considered, viz. maximization of system sgcwand minimization of investment cost of FACTS
devices, for their optimal placement. The effeat®ss of the method was tested only on IEEE14-bsteisy
Three heuristic methods, viz. Genetic Algorithmptissearch and Simulated Annealing, have been abplie
in [9] for optimal location of the facts devices.

In this paper, a new index representing sensitioftyine real power flow Performance Index (PI)
with respect to UPFC parameters have been suggéstdts optimal location in view of enhancing the
system security under different operating condgiofihe sensitivity of real power with respect tdimpm
tuning control parameters of the UPFC has beenirdstautilizing AC power flow approximation. The
effectiveness of the proposed method has demoedtoat IEEE 30-bus system, utilizing an Object Ggdn
Programming of Ant Colony Based model that minimizke line flow Pl values. The results have been
compared with an existing real power flow perforgmindex (PI) sensitivity approach utilizing DC paw
flow approximation [4].

2. MATHEMATICAL FORMULATION

2.1. Optimal Location of FACTSdevice Using mproved Perfor mance Index
The relative severity of the system loading undamral and each of the contingency cases can be
described by a line real power flow performancesk(Pl) [4], as given below.
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whereP,, is the real power flow ang™is rated capacity of line3, a is an exponent anw,, is a real non
negative weighting coefficient, which may be usedsflect the relative importance of the lines. Tk of
discrimination, in which the performance index focase with many small violations may be comparable
value to the index for a case with a few large atiohs, is known asnasking effectBy most of the
operational standards, the system with few latigéation is much more severe than that with manalsm
violations, Masking effect, to some extent, canalweided by using higher order performance indi¢es (
a>1). In this study, the value of exponegithas been taken as 2 and weighting coefficief},* for all the
lines as 1.0.

2.2. Pl sensitivity using DC power flow approximation

The control parameters of the UPFC using ACO careidl in this work are the magnitude and
angle of the series injected voltagé, and@,, respectively. The line loading Pl sensitivity tfars with
respect to the control parameters of UPFC can fieadkas

ct :% v =0 =PI Sensitivity with respect ¥, )
= P = Pl Sensitivity with respect tg (3)
NOg| 0 =0

For deriving the PI sensitivity terms using DC povilew approximation, the value of ‘a’ in
equation (1) has been taken as 2. Using equat®)ran@ (3), the sensitivity of Pl with respect he tUPFC
series parameters, K" line, X, (V,andg,,) can be written as

Ni
ﬂ = Zwm pn3] 1 ﬂ 4)
oX, = Py ) 0X,

The real power flow g ), in a linem, can be represented in terms of bus real powettiojes using
DC power flow equations [4, 6] as
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wheres,_is the mr" element of sensitivity matrigS] which relates line flow with power injections &t
buses without placement of UPHY, is the number of buses in the system amngltie slack bus. Assume
that the linek, between bus-and bug-is the line containing the UPFC.Using equations gddl (5), the
following relationship can be derived,

aPlu a:’iu
T _ S X, " X fomzk
axk B aRu djlu ju
S X, *5h axk)+ X, ©)
form=k
The terms 9P and oP,, can be obtained by partially differentiating theuatipns, with
0X, Xc=0 Xy X,=0

respect to the UPFCs series parameters.

2.3. Proposed PI sensitivity using AC power flow approximation
The real power mismatchH, ) and reactive power mismatck)(, ) at any bus-can be expressed in
terms of voltage magnitude¥ (), voltage anglesd ), and element of bus admittance matrik) as

Ps = Pg + P, =Py — Re[vii (VjYi,j) J (7)
i=1

Qis :QGi +Qiu _QDi _Im[vizb(\/jYi,j)*] (8)
j=1

where Py, Qg are the real and reactive power generations, ctsply, at bus- P, and Q, are the
injections, given by equations at hiudue to UPFC.P,; and Q,,; are the base case real and reactive power
demands, respectively, at the bug=quation (7) and (8), with UPFC, are functiorbab voltage magnitudes

(V), and anglesd ), magnitude {V,) and angles) of the injected voltage due to UPFC.

Pis = fpiN’dqos’\/s) }

)
Q=fu.0aV)

(v,) is considered as the best location for the UPFC.

The sensitivities of real power flow Performancddr (PI) with respect to UPFCs series parameter

s (voltage magnitude and phase injection) have besoulated by both AC and DC power flow

approximation. The following criteria have beendifar optimal placement of an UPFC in the system.

[ The branches having transformer are not consideratie UPFC placement.

[il The line having highest absolute Pl sensitivitgand F)) with respect to the change in injected
voltage phase angley) is considered as the best location for the UPECegment followed by other
lines having next highest sensitivities.

[i] When the values of absolutes PI sensitivities dndr)) with respect to change in injected voltage

phase angleq) for line more than one are very close to eablero,the line having highest absolute
value of the PI sensitivitiegck, F*) with respect to the change in injected voltage ritage.
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3. OPF FORMULATION

The effectiveness of proposed Pl sensitivity factoased approach for UPFC placement has been
arrived in terms of its impact on the reductiomelflow performance Index (PI) values. For thisgmse, an
Optimal Power Flow (OPF) formulation is describedidw has been used.

Minimize =) Pl (10)

Subject to the following constraints:
a. Equality constraintsPower balance equations corresponding to bothareh reactive power at
each bus must be satisfied. This can be expreissgdneral forms as

GV,3,YV,0)=0 (11)

where G is the vector of real and the reactive pdlear equations at all the buses.
b. Inequality constraintsThese include the operating limits on the varipager system variables
and the parameters of the UPFC as given below.

Gmin < QG SQ(r;nin (12)

Vimin < V| SVgrinax
5min < 5| Sdlmax

0<V.<sV, } 13)

-Ts@<m

Equation (12) represents the limits on the reagiiveer generations. The limits on the bus voltage
magnitude and angle. Equation (13) representsithieslon the UPFC parameteys, ¢) .- The above OPF

problem involves a nonlinear objective function andet of non linear equality and inequality ccaists.
This problem is solved by Ant Colony Optimizatioropedure. In this work, ACA optimization
programming is developed in objected oriented v jarogramming and UML software is used for desifjn
object oriented class diagram and ACA coding asitamackage and separately run to obtain the optimal
solution

4. SYSTEM STUDIES
The proposed line flow PI sensitivity method, dedwbased on DC power flow as well as AC power

flow approximations, for optimal location of UPF@shbeen tested on IEEE 30-bus system

4.1. Line Outage Contingency Ranking

To obtain the critical contingencies (line outagas)the IEEE 30-bus system, the PI values as
defined in equations (3.35) in previous chapteg eomputed for each of the single line outage (N-1
contingency) cases. Five most critical lines astedl in Tablel. Contingencies, for which feasibte ldad

flow solution have not been obtained, are not aersid in this list. For the baggase,the Pl values
obtained from AC power flow solution for the IEEB-Bus system are found to be 0.4250.

Table 1. Line outage contingency ranking basedlorales in 30-bus system
IEEE30-bus system

Rank Line End buses;j PI
order outage
Intact case -
0.4250
1 12 1-27 1.9130
2 33 27-11 1.8110
3 5 2-5 0.6372
4 7 11-13 0.6001
5 9 13-12 0.4889
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Table 2. Impact of UPFC placement based@rﬁ § (30-bus system)

Rank Line no. Clk Considering variation of\/S Considering variation OVS (pu) andqﬂS (rad)
order (pu) only
OptimalPI OptimalPI
P Vs P Vs @
1 33 -0.3130 0.3078 0.1873 0.2662 0.1079 1.1663
2 12 -0.2629 0.2849 0.2000 0.2558 0.1028 1.0293
3 7 -0.1642 0.3554 0.0682 0.3174 0.0708 1.7240
4 11 0.1401 0.3204 0.1539 0.2469 0.1179 1.5967
5 14 0.1272 0.3226 0.1219 0.3037 0.1531 1.6194
6 6 0.0797 0.3520 0.0642 0.3181 0.1043 1.7329

Table 3. Impact of UPFC placement base(ﬁ)ﬁ (30-bus system)

S%r;kr Line no. CIZ( Considering variation cws Considering variation OVS (pu) andws(rad)
(rad) only
OptimalPI Optimal PI
i @ i V, @
1 12 -2.0657 0.3668 1.1114 0.2858 0.1028 1.0293
2 33 -2.0295 0.3676 1.2382 0.2862 0.1079 1.1663
3 11 1.7068 0.3686 1.2638 0.2869 0.1179 1.5967
4 7 -0.9631 0.3775 1.2407 0.3574 0.0708 1.7240
5 14 0.8885 0.3775 1.3234 0.3237 0.1531 1.6194
6 6 0.5018 0.3805 1.3654 0.3581 0.1043 1.7329

Table 2 shows the optimal Pl value obtained afiginmal placement of the UPFC in few lines
having high value of the PI sensitivity factor@l'().Optimal values of the Pls, given in th& lumn, are
when only series injected voltage magnitude of WRFC is varied and those given in tH& &lumn are
when both the magnitude and phase angle of thetagevoltage by UPFC are varied in the correspandin
lines. From Table2, it can be seen that the lingsithe best location for optimal placement of URRGhe
30- bus system

Table 3 shows the optimal PI values after plachg WPFC in the respective lines, one at a time,
selected based on the Pl sensitivity fac(?nfs The PI values given in the column 4 are obtaiwél the
fixed values of series injected voltage magnitudengidered as 0.01pu) and varying the phase angle
injection by the UPFC. The optimal values of seitgscted voltage angle are shown in tffecélumn. The
effect of variation of both the series voltage niagie and phase angle injection by the UPFC omudti
values is shown in the"scolumn. From Table 1, 2 and 3, the best locatmrnttie UPFC placement, in the
IEEE30-bus system, is found to be line-12, as fiter@l Pl value is minimum in most of the caseshwite

UPFC placement in this line.
It can be seen that the best locations for the UpIE€ement based on the optimal Pl values (Table

3, column 6) are lines-12, 33, 11, 14, 7 and G érank order. However, the ranking order obtafineah the
sensitivity factors €X) are lines-12, 33, 11,7,14 and 6 which are alrsostlar, but not exactly the same.
This order is exactly same as verified throughapgmal value of Pl obtained after placement of the&-C
in these lines. This confirms the validity of the@posed PI sensitivity factor for the UPFC placetr{@able
3).

Table 4. PI sensitivity factorgC &C)

P1 sensitivity
Rank order

Line k Line k

C, G,
1 33 -0.4031 12 -2.4924
2 12 -0.3394 33 -2.4469
3 7 -0.2214 11 2.0637
4 11 0.1938 7 -1.1592
5 14 0.1770 14 1.0743
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Table 5. Optimal Pl values after UPFC PlacemeB0ibus system with 5% load increase
Optimal Pl values and UPFC settings

Line Pl
Vi (pu) @ (rad)
12 0.3569 0.1117 0.9532
33 0.3576 0.1177 1.1004
11 0.3580 0.1301 1.6385
7 0.4630 0.0758 1.6804
14 0.4181 0.1654 1.6153

The impact of the optimal placement of UPFC on &u# is given in Table 4, with the 5% increase
in loading. The PI value was found to be 0.5012¢mthere was no UPFC in the systétis found that the
rank order of lines for optimal location of UPFCtie same as obtained through optimal Pl values aft
placement of UPFC in these lines as shown in Talfite both series voltage and phase angle varigtion

To show the effectiveness of the proposed methalkruoontingencies, the sensitivity factors and
optimal Pl values were also computed for r différame outage case4s, which are shown in Tabler éhie
30-bus system. First column show the line consitlére outage and the second column show the Pevatu
outage of the corresponding line without placen@&nUPFC. In the column three present the sensitivit
factors (Ck & F)) along with corresponding optimal pi value for fiegv lines in priority order after outage
of critical lines, as listed in the first columnniy the sensitivity factogck & F))with respect to the change
in series injected voltage phase angle by UPFC haen considered, as it provided better resultsase
case. Due to the outage of lines, the most optiotaition of the UPFC changed. From, the lines-1fbuisd

to be the most suitable location for the optimacpiment of the UPFC in view of security enhancement
during outage of the lines-12, 33 and 5 in IEEEb88-systems.

Table 6. Optimal PI values under critical line @&an 30-bus system (DC & AC power flow
approximations)

Line outage Pl value after
g Sensitivity (CIZ( & sz) and optimaP| values with UPFC settings

line outage
Line no. C|2< sz OptimalPI Vs (pu) ws (rad)

12 - - - - -
12 33 0.0129 0.0426 1.7523 0.0040 0.0000
(1-17) 1.7530 11 -1.7138 0.4682 1.7020 0.0908 0.2554
14 -0.5598 0.1695 1.7445 0.0479 -0.3551
7 -0.3637 0.0614 1.7517 0.0130 -0.1290
12 -0.0000 0.0356 1.6741 0.0002 1.5140

33 1.6741 33 - - - - -
(27-11) 11 -1.6306 0.5100 1.6281 0.0885 0.2334
14 -0.5353 0.1567 1.6671 0.0421 -0.3499
7 -0.3685 0.0530 1.6734 0.0131 -0.1061
12 -1.0391 -2.1527 0.5680 0.1073 0.0703
33 -1.0113 -2.2315 0.6182 0.0092 0.4499
5 0.6183 11 0.7026 2.1527 0.5686 0.1121 2.1766
(2-5) 14 0.6770 1.3566 0.5839 0.1330 2.2459
7 0.0113 -0.5004 0.6122 0.0702 -0.3877

5. CONCLUSIONS

Line loading security Performance Index (sensitiféctors have been suggested in this work for
optimal placement of UPFC. The PI sensitivity tées have been obtained with respect to changeanof
the UPFC parameters viz., magnitude and phase ahtje injected voltage in the lines. An Optimaiwer
Flow (OPF) formulation has been suggested to déterrtne optimal Pl values, after placement of UPFC
based on the proposed sensitivity factors, in otdevalidate accuracy of the method. Both AC and DC
power flow approximations have been used to defire sensitivity factors and their results have been
compared on IEEE 30-bus system. Test results autadm the system show that the new sensitivityofact
could be effectively used for optimal placement#fFC in order to enhance the static security ofpibwer
system. The following criteria can be effectiveled for deciding the optimal locations of the UPFC.
[l The UPFC can be placed in a like- having largest absolute value of the sensitifators ¢k or ) )

with respect to change g
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[ii] Iftwo lines can are having similar values @Z or sz), the UPFC should be placed in a linehaving
most absolute value sensitivity inde(>Clk or Flk) with respect to change W;.

The impact of the UPFC placement on the securityapcement of the power system has been
established, in terms of optimal Pl values alonthwie optimal control settings of the UPFC, fosteyn
intact and few critical contingency cases. It iarfd that the proposed PI sensitivity factors bagguroach
utilizing AC power flow approximation, gives morgtonal location of the UPFC as compared to that
obtained from the DC power flow based PI sensitifdictors method. The placement of the UPFC ime, li
obtained from the proposed factors, has resultednaximum reduction in the line real power flow
performance index. The optimal placement does hahge for increase in system loading. However, the
locations differ under critical contingency condits.
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