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Abstract : Modern day power system networks are having higksriof voltage instability problems and
several network blackouts have been reported. phenomenon tends to occur from lack of reactivegoow
supports in heavily stressed operating conditioassed by increased load demand and the fast dexglop
deregulation of power systems across the worlds Plhaiper proposes an application of Differential Enion
(DE) Algorithm based extended voltage stability giarand minimization of loss by incorporating TC&ad
SVC (variable susceptance model) devices. Thestatglity index (LQP) is used to assess the voltstgbility

of a power system. The location and size of Semesected and Shunt connected FACTS devices were
optimized by DE algorithm. The results are obtairfemin the IEEE-30 bus test case system under akitic
loading and single line outage contingency cond#io

Keywords - Differential Evolution Algorithm, FACTS devicesnki stability index, SVC, TCSC, Voltage
stability.

l. INTRODUCTION

Now a days power system are undergoing numerousgelsaand becoming more complex from
operation, control and stability maintenance stamtp when they meet ever-increasing load demand [1
Voltage stability is concerned with the ability @fpower system to maintain acceptable voltagel dtugles in
the system under normal conditions and after bgifgjected to a disturbance. A system enters actattage
instability when a disturbance, increase in loachaied, or change in system condition causes a @sigeand
uncontrollable decline in voltage.

The main factor causing voltage instability is thability of the power system to meet the demand fo
reactive power [2]-[4]. Excessive voltage decliren @ccur following some severe system contingeraiebs
this situation could be aggravated, possibly legdiinvoltage collapse, by further tripping of mér@smission
facilities, var sources or generating units dueoterloading. Many large interconnected power systeme
increasingly experiencing abnormally high or lowtages or voltage collapse. Abnormal voltages avithye
collapse pose a primary threat to power systemilisyabsecurity and reliability. Moreover, with théast
development of restructuring, the problem of vadtatability has become a major concern in deregailpower
systems. To maintain security of such systems,desirable to plan suitable measures to improwepsystem
security and increase voltage stability margink{Th Voltage instability is one of the phenomethat resulted
in major blackouts. Recently, several network btatk have been related to voltage collapses [8].

Flexible AC Transmission System (FACTS) controllerge capable of supplying or absorption of
reactive power at faster rates. The introductiorrlekible AC Transmission System (FACTS) contralare
increasingly used to provide voltage and power ftmmtrols. Insertion of FACTS devices is found &Highly
effective in preventing voltage instability [9].$&3 and shunt compensating devices are used tcmenhhe
Static voltage stability margin.

Voltage stability assessment with appropriate regméations of FACTS devices are investigated and
compared under base case of study [10]-[12]. Onthefshortcomings of those methods only considéred
normal state of the system. However voltage collapre mostly initiated by a disturbance like lngages.
Voltage stability limit improvement needs to be waf$ed during network contingencies. So to locatgsf
devices consideration of contingency conditionsi@e important than consideration of normal stéditeystem
and some approaches are proposed to locate oftdagitses with considerations of contingencies t8p[1

Line stability indices provided important informati about the proximity of the system to voltage
instability and can be used to identify the weakmst as well the critical line with respect to thes of the
system [14]. The line stability index (LQP) derivbgd A.Mohmed et al is used for stability assessnj&j.
From the family of evolutionary computation, DE Atghm is used to solve a problem of real poweslos
minimization and Voltage stability maximizationthie system.
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The DE algorithm is a population based algorithke lgenetic algorithms using the similar operators;
crossover, mutation and selection. Several tramsfortap positions along with numbers of reactivevgo
injections at some selected buses in a power syatersimultaneously optimized as control variabsesthat
the multiple objectives are fulfilled, keeping ayedo all specified constraints[16]. Depending mplee higher
capital cost of the TCSC and SVC, the installai®onot recommended to all possible line outagescikdine
outage contingency screening and ranking carrigdt@udentify the most critical line during whosetage
TCSC and SVC controllers can be positioned ancesystan be operated under stable condition[17]-[19].

The prime objective of this paper is to improve tltage stability limit and real power limit of a
power system during critical loading and line oetagpntingency conditions performed by insertionf&fSC
and SVC devices through differential evolution aithom.

Il. CRITICAL CONDITIONS

Voltage collapse is a process in which the appearaf sequential events together with the instgbili
in a large area of system can lead to the casenafagptable low voltage condition in the netwofkno
preventive action is committed. Occurrence of disince or load increasing leads to excessive dernand
reactive power. Therefore system will show voltaugability. If additional sources provide suffintereactive
power support, the system will be established istable voltage level. However, sometimes there nate
sufficient reactive power resources and excessiveamhd of reactive power can leads to voltage cedlap

Voltage collapse is initiated due to small changfesystem condition (load increasing) as well agda
disturbances (line or generator unit outage) undese conditions FACTS devices can improve theesyst
security with fast and controlled injection of réae power to the system. However when the volagapse is
due to excessive load increasing, FACTS deviceratgrevent the voltage collapse and only postpbustil
they reach to their maximum limits. Under thesaatibns the only way to prevent the voltage cokaissload
curtailment or load shedding. So critical loadimgl &ontingencies are should be considered in velsagbility
analysis.

Recent days, the increase in peak load demand @ndrgransfer between utilities has an important
issue on power system voltage stability. Voltagebidity has been highly responsible for several anaj
disturbances in power system. When load increasasae of the lines may get overloaded beyond tlaédr
capacity and there is possibility to outage ofdinEhe system should able to maintain the voltaajeilgy even
under such a disturbed condition.

M. LINE STABILITY INDEX [LQP INDEX]

Voltage stability can be assessed in a system loylasing the line based voltage stability index. A
Mohamedet al [17] derived four line stability factors based on a powansmission concept in a single line.
Out of these, the line stability index (LQP) is dda this paper. The value of line index shows VYbétage
stability of the system. The value close to unitgicates that the respective line is close tot#bikty limit and
value much close to zero indicates light load ia lihe. The formulation begins with the power eqrain a
power system. Figure 1 illustrates a single lina pbwer transmission concept.

The power equation can be derived as;

X X
ﬁQiz—QH‘(ﬁPiz‘*'Qj) (1)
The line stability factor isbtained by setting the discriminant of the reapewer roots at bustd be
greater than or equal to zero thus defining the ditability factor, LQP as,

Figure 1: Single line concept of power transmission

Vi Vi
BUS -i- S, P|, Q BUSj -i-a, Pja Q
A \ 4 A A 4
Z=R+ X
X\(X ,
LQP = 4( 73 ) 72 P2 + ¢ 2)
V. STATIC MODEL OF SVC

A variable susceptand®sycrepresents the fundamental frequency equivalemeptance of all shunt
modules making up the SVC. This model is an impdoversion of SVC models. The circuit shown in fig&
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is used to derive the SVC's nonlinear power eqoatand the linearised equations required by Newtoad
flow method.

Figure 2: Variable susceptance model of SVC

Vi Vi

Xiine <«—Qsvc

Bsvc

In general, the transfer admittance equation fentriable shunt compensator is

Lyye = jBSVCVj 3)
And the reactive power is
Qsve = _ijstc 4)

In SVC susceptance model the total susceptBageis taken to be the state variable, therefore thealised
equation of the SVC is given by

APj] _ [0 0] Afj ] 5
AQjl — [0 6;||ABsvc/Bsvc ®)
At the end of iteratiomthe variable shunt susceptaig is updated according to

B = BS2 Y + (0Bsye/Bsvo) VB¢ (6)

This changing susceptance value represents tHeSid@ susceptance which is necessary to maintamdudal
voltage magnitude at the specified value (1.0 ip.this paper).

V. STATIC MODEL OF TCSC
TCSC is a series compensation component which stsnsif a series capacitor bank shunted by
thyristor controlled reactor. The basic idea behpogver flow control with the TCSC is to decreaseénarease
the overall lines effective series transmission edgnce, by adding a capacitive or inductive reaetan
correspondingly. The TCSC is modeled as varialdetesce shown in figure 3. The equivalent reactantiee
X is defined as:
Figure 3: Model of TCSC

Bus; Z =R +X Bus;
i = R+ X
l — | Lr |
| — A1 |
_jXTCSC
-iBsh -iBsh
Xjj = —0.8Xjine < Xrcse < 0.2Xjjpe ™

where X, is the transmission line reactance, ahgscis the TCSC reactance. The level of the applied
compensation of the TCSC usually varies between 2@#ctive and 80% capacitive.
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VI. PROBLEM FORMULATION
The objective function of this work is to find tletimal rating and location of TCSC and SVC which
minimizes the real power loss, maximizes the va@tatability limit, voltage deviation and line stilyi index.
Hence, the objective function can be expressed as

F=Mlnlmlze[f1 +/’{1f2 +Azf3] (8)
The term f represents real power loss as
N
fi= D Gl V2 + V= 2V¥jcos (8 - )] ©
k=1
The term § represents total voltage deviation (VD) of allddauses as
Npq
fr=VD = ) (Vi = Vyey)? (10)
k=1
The term f represents line stability index (LPQ) as
Ny,
fy=10P = ) LQP, (11)
j=1

where), and ish, are weighing factor for voltage deviation and L@Beax and are set to 10.
The minimization problem is subject to the follogriaquality and inequality constraints
() Load Flow Constraints:

Np
PGi_PDi_ZViVinij cos (8;;+y;—v:) =0 (12)
j=NlB
Qe — Qpi — z ViVyYiisin(8; + v, —v;) = 0 (13)
j=1
(i) Reactive Power Generation Limit of SVCs:
i = Qi < Q™51 € Neye (14)
(iii) Voltage Constraints:
VM <V, < VMY € Ny (15)
(iv) Transmission line flow limit:
S; < SM9%;j € N, (16)
VII. DIFFERENTIAL EVOLUTION ALGORITHM —AN OVER VIEW

Differential Evolution (DE) is a population basedokitionary algorithm [16], capable of handling
non-differentiable, nonlinear and multi-modal oltjees functions. DE generates new offspring by fioigna
trial vector of each parent individual of the pagtidn. The population is improved iteratively, thyee basic
operations namely mutation, crossover and selecfolorief description of different steps of DE aligbm is
given below.

1. Initialization

The population is initialized by randomly genergtindividuals within the boundary constraints

X5 = X" + rand (X" = X["");i = 1,2,3,..NP,j = 1,2,3,..D (17)
where ‘fand’ function generates random values uniformly inititerval (0, 1)NP is the size of the population;
D is the number of decision variable§™ andX™*are the lower and upper bound of fiedecision variable,
respectively.

2. Mutation

As a step of generating offspring, the operation$vlutation” are applied. “Mutation” occupies quite
an important role in the reproduction cycle. Thetation operation creates mutant vectufsby perturbing a
randomly selected vectdt,* with the difference of two other randomly selectedtorsX, and X< at thek™
iteration as per the following equation:

V= XE— (Xk—X¥);i=123....NP (18)

XX, X andX< are randomly chosen vectors at Kigiteration anda# b# c# i and are selected a new for each
parent vectorF is the scaling constant that controls the amodingesturbation in the mutation process and
improves convergence.
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3. Crossover
Crossover represents a typical case of a “geneshiamge. The trial one inherits genes with some

probability. The parent vector is mixed with the tated vector to create a trial vector, accordingthe

following equation:

. _{Vik if rand < CRorj=q

it
H XL-"]-, Otherwise 19
Wherei=1, 2, 3............... NF=1, 2, 3..cconenne, D. X ,V;* Uj;*are the™ individual of target vector,
mutant vector, and trial vector K iteration, respectivelyq is a randomly chosen index in the rangj that
guarantees that the trial vector gets at leastpan@meter from the mutant vector. CR is the cress oonstant

that lies between 0 and 1.

4. Selection
Selection procedure is used among the set ofudelor and the updated target vector to choose the
best one. Selection is realized by comparing theedis function values of target vector and triattee

Selection operation is performed as per the folhmnequation:
kL _ {U!‘,if (UF) < F(XF);i = 1,23 ... NP
' Xk, Otherwise

(20)

VIII. IMPLEMENTATION OF DIFFERENTIAL EVOLUTION ALGORITHM

1. Representing an individual:
Each individual in the population is defined ase&tor containing the values of control parameters
including the size of the TCSC and SVC.

2. Number of individuals:

There is a trade-off between the number of indialdand the number of iterations of the population
and each individual fitness value has to be evatlaising a power flow solution at each iteratidrust the
number of individuals should not be large becawseputational effort could increase dramaticallydiiduals
of 5, 10 and 20 are chosen as an appropriate papukizes.

3. Feasible region Definition:

There are several constraints in this problem diggrthe characteristics of the power system aed th
desired voltage profile. Each of these constraiafgresents a limit in the search space. TheretweeDE
algorithm has to be programmed so that the indalidan only move over the feasible region. Foransg, the
network in Fig. 4 has 4 transmission lines with tiyanger transformer. These lines are not congidme
locating TCSC, leaving 37 other possible locatiforsthe TCSC. In terms of the algorithm, each titihat an
individual's new position includes a line with tagetting transformer, the position is changed to the
geographically closest line (line without transfemn Finally, in order to limit the sizes of the $C units, the
restrictions of level oEompensation is applied to the individuals. Therak parameter values of differential
evolution algorithm shown in table 1.

4. Optimal Parameter Values:

Table.1. Optimal values of DE parameters

Parameters Optimal Values
Number of Individuals 50
Cross Over Constant 0.6
Scaling Constant 0.3
Number of Iterations 100

5. Integer DE:

For this particular application, the position oflividuals is determined by an integer number (line
number). Therefore the individuals’ movement isragpnated to the nearest integer numbers. Additigntne
location number must not be a line with tap setttransformer. If the location is line with tap &gt
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transformer, then the individual component regagdiosition is changed to the geographically closiest
without a tap setting transformer.

IX. RESULTS AND DISCUSSIONS
The proposed work is coded in MATLAB 7.6 platformming 2.8 GHz Intel Core 2 Duo processor
based PC. The method is tested in the IEEE 30dsisystem shown in figure 4. The line data anddatis are
taken from the standard power system test casévarcthe system has 6 generator buses, 24 load lanse4 1
transmission lines. System data and results aedb@s 100 MVA and bus no 1 is the reference busrder to

Figure 4: One line diagram of IEEE 30 Bus Test System
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verify the presented models and illustrate the ictpaf TCSC and SVC study, three different opegatin
conditions are considered as mentioned below.

Case 1 The system with normal load in all the load buisesonsidered as normal condition and the Newton-
Raphson load flow is carried out with loading factalue equal to 1.

Case 2 The system with 50 % increased load in all tredlbuses is considered as a critical conditiondlmmp

of the system beyond this level, results in podtage profile in the load buses and unacceptatde pewer
loss level.

Case 3 Contingency is imposed by considering the modicat line outage in the system. This is the most
suitable condition for voltage stability analysfsaopower system as voltage stability is usuallygiered by line
outages.

Newton — Raphson program is repeatedly run with ghesence and absence of TCSC and SVC
devices. The voltage stability limit improvementaissessed by the value of LQP index. The LQP vaitiad
lines under normal conditions with and without FAE@evices are depicted in figure 5. Figure 6 coepéne
index value of all the lines in the system undéioai loading condition. It is evident from thaytires that LQP
values of most of the lines are reduced after ptece of FACTS devices in the system.
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Figure 5: LQP Index Values under Normal Conditions
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Figure 6: LQP Index Values undcCritical Loading Conditions
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Figure 7: LQP index values under single line outage contingenditiors
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In case 3the line outage is ranked according to the svarid the severity is taken on the basis of
line stability index values (LQP) and such values arranged in descending order. The maximum vaft
index indicates most critical line for outage. L outage contingency screening and ranking is caoigan the
test system and the results are shown in tableig.clear from the results that outage of line hem5 is the
most critical line outage and this condition is sidlered for voltage stality improvement. Outage of other lin
has no much impact on the system and thereforeateegot given importanc

Table.2. Contingency ranking

Rank Line Number LQP Values
1 5 0.9495
2 9 0.6050
3 2 0.4993
4 4 0.4968
5 7 0.4693

Load flow is runon the system with line 5 outaged. Outage of ihis tesults in large real power Ic
and voltage profile reduction in most of the loatsés. The system is under stressed conditionseadsnio b
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relieved by some means. Installation FACTS deviesuitable locations can relive the system muomfr
stressed conditions (reduced line losses). LQPegabf the lines before and after insertion of FACAI8
compared in fig 7 during contingency condition. Thduction in LQP values is encouraging in all ihes in
this case.

For quick assessment of voltage stability limit mement of the system under the three different
operating conditions, sum of the LQP index valukalbthe lines before and after the optimizatioogess is
compared in figure 8. The reduction in the indekigandicates the voltage stability limit improvente

Figure 8: Sum of LQP index values in all cases

a = Without TCSC and SVC With TCSC and SVC

= 3 2.5537

= 1.4824 1.4837

s 0 4 3677 . : .
U%) Normal Critical Line Outage

Contingency

Table 3.Voltage Profile in all cases

Normal Loading Critical Loading Cc?é?i%lgelﬁgj ((:Dountgi%%n
Bus No. Without With Without With Without With
TCSC TCSC TCSC TCSC TCSC TCSC
and and and and and and

SVC SVC SVC SVC SVC SVC
1 1.0600 1.0600 1.0600 1.0600 1.0600 1.060(
2 1.0430 1.0430 1.0030 1.0130 1.0430 1.043(
3 1.0217 1.0227 0.9745 0.9812 1.0069 1.011
4 1.0129 1.0142 0.9581 0.9661 0.9958 1.008%
5 1.0100 1.0100 0.9600 0.9660 0.9600 0.960(
6 1.0121 1.0139 0.9553 0.9611 0.9909 0.998¢
7 1.0035 1.0122 0.9438 0.9474 0.9661 0.9794
8 1.0100 1.0100 0.9600 0.9600 0.9900 1.000
9 1.0507 1.0516 0.9923 1.0075 1.0388 1.0429
10 1.0438 1.0446 0.9722 0.9348 1.0306 1.0349
11 1.0820 1.0820 1.0520 1.0620 1.0820 1.0820
12 1.0576 1.0583 1.0040 1.0203 1.0495 1.05238
13 1.0710 1.0710 1.0470 1.0610 1.0710 1.0710
14 1.0429 1.0435 0.9754 0.9961 1.0339 1.0370
15 1.0385 1.0385 0.9670 0.9882 1.0282 1.0317
16 1.0445 1.0453 0.9769 1.0030 1.0341 1.037%
17 1.0387 1.0395 0.9650 0.9970 1.0262 1.03038
18 1.0282 1.0285 0.9489 0.9711 1.0167 1.020%
19 1.0252 1.0257 0.9434 0.9660 1.0131 1.0171
20 1.0291 1.0297 0.9493 0.9719 1.0167 1.0208
21 1.0293 1.0300 0.9489 0.9713 1.0163 1.0207
22 1.0353 1.0361 0.9572 0.9789 1.0215 1.0278
23 1.0291 1.0298 0.9488 0.9710 1.0163 1.0208
24 1.0237 1.0245 0.9369 0.9574 1.0091 1.0149
25 1.0202 1.0213 0.9328 0.9482 1.0323 1.0091
26 1.0025 1.0037 0.9034 0.9193 0.9844 0.99138
27 1.0265 1.0278 0.9446 0.9565 1.0068 1.0142
28 1.0109 1.0123 0.9510 0.9564 0.9901 0.99838
29 1.0068 1.0081 0.9109 0.9233 0.9866 0.9942
30 0.9953 0.9966 0.8915 0.9042 0.9750 0.9826
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FACTS devices help the system to maintain acceptaditage profile in the load buses. Under normal
operating conditions most of the bus voltage magieis are within the normal value. During criticada
contingency conditions voltage magnitude of remloed buses are below 0.95 (lower bound of allowable
value). These bus voltages are improved after &@TFS devices are installed. It is obvious from &aB| that
voltage profile of the system in all the three caaee improved better.

Reduction in reactive power loss indicates that groflow through the heavily loaded lines are
diverted through the under loaded lines and theltresimproved voltage profile. In loss minimizai point of
view through insertion of TCSC and SVC, the realpoloss under normal loading is decreased by ONJB8
which is 0.216% of total real power loss. Simjadnder critical loading and line outage contingenc
conditions the real power loss decreased by 1.26% &hd 0.629 MW respectively. The percentages of

reduction under these cases are 2.69% and 1.938éatively. The real and reactive power losses uatie
cases are shown in table 4.

Table 4.Real and Reactive Power Loss value of all cases

. . ; Single Line Outage
Normal Loading Critical Loading Condition
Loss Without With Without With Without With
Parameters TCSC TCSC TCSC TCSC TCSC TCSC
and and and and and and
SVvVC SVC SVC SVC SVC SVC
Pioss (MW) 17.514 17.476 46.900 45.638 32.569 31.940
Qpos: (MVAR) 68.691 68.513 180.831 169.179 112.229 186.8

From table 5 the most suitable location for TCSEdatrol power flow is found to be line number 18
for normal loading, line number 5 for critical laag and line number 28 for line outage contingecoyditions.
Similarly SVC to improve voltage profile are foutmlbe bus number 7 for both normal loading and dintage

contingency condition and bus number 17 for @altibading. The sum of line stability index values all
three conditions is depicted in figure 8.

Table 5.Best location and size of TCSC and S¥fGll cases

TCSC SvC
Objective Degrees of Line Reactance
function Location Compensat Location Size[MVAR]
ion xold Xnew
Normal Between buses
loading 12 and 15 0. 1539 Bus No. 7 15.9749
Critical Between buses
loading 2 and 5 02414 | 1304 | 0.1505| BusNo.17 13.7207
Single line Between buses
outage -0.4735 Bus No. 7 16.9132
. 10 and 22
contingency

The much reduction in real power loss and incréas@ltage magnitudes after the insertion of TCSC

and SVC proves that FACTS devices are highly effitin relieving a power network from stressed doom

and improving voltage stability limit.

X.

CONCLUSIONS

In this paper, optimal location of TCSC and SVC fmitage stability limit improvement and loss
minimization are demonstrated. The voltage stabiiihit improvement and real power loss minimizatiare
done under normal, critical loading and line outagetingency conditions. The LQP index is usedvintage
stability assessment. The circuit element moddl@$C is considered to improve the voltage stablilihit by
controlling power flows and maintaining voltage fileo This model is easy to incorporate the effecT CSC

into Newton - Raphson load flow program coding. Ppeeformance of TCSC and SVC combination in optimal

power flow control for voltage stability limit impwement is proved in the results by comparing jfstesn real
power loss and voltage profile with and without tevices. It is clear from the numerical resuliast tholtage
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stability limit improvement is highly encouraginghe voltage stability limit improvement is by thensbined
action of power flow control of TCSC and reactivangr compensation by SVC.
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