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The aim of this paper is to investigate the enhames# of a steady state voltage
stability via shunt and series FACTS devices namsigtic synchronous
compensator (STATCOM) and static synchronous sepeagpensator (SSSC).
In order to select the best locations of FACTS aisjia modal analysis is used
to determine the weakest bus of the studied systhite the voltage stability
proximity index under line outage contingenciesised to identify the critical
lines. The analysis is preformed on IEEE 30 bugesysThe proposed schemes
are tested under different loading conditions. Tkéenmulation results
demonstrate the feasibility and effectiveness efptfoposed devices. Also, the
results obtained allow concluding that the STATCsWJNnt device improves the
voltage stability margin better than the SSSC sattizvice.

1. INTRODUCTION

Structural changes in the electrical sector, siscthose caused by privatization and
deregulation, modification of the network topologg, well as ever increasing in load
demands brought by economic and environmental presshat led the power systems
to operate near its stability limits, increase thiities interest about the voltage
instability and voltage collapse problems.

A large number of researchers have been intera@stibe voltage stability problem.
Their attention has resulted with a numerous nunabguapers, books, and reports
being published. Most of these are reported irettltensive bibliography [1].

Generally, voltage collapse is the process by whioh sequence of events
accompanying voltage instability leads to a low aaggptable voltage profile in a
significant part of the power system.

Voltage collapse may be a possible outcome of geltastability, which is defined
as the attempt of load dynamics to restore poweswmption beyond the capability of
the combined transmission and generation system [2]

The voltage instability may be classified into s&mt and steady state, the latest is
the most common reason for voltage collapse. Stetatg voltage stability or Small-
disturbance voltage stability refers to the sysgeability to maintain steady voltages
when subjected to small perturbations such asnmenéal changes in system load [3].
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Many of measures used to prevent voltage instahjilit such as, (i). Placement of
series and shunt capacitors, ii. Generation resdimggl iii. Placement of FACTS
controllers, iv. Under-Voltage load shedding, v.o&ing of Tap-Changer under
reverse operation, vi. Installation of synchronoasdensers.

There are many types of FACTS used to enhance gel&tability such as,
Superconducting magnetic energy storage (SMESHtakic Var Compensator (SVC)
[6], Static Synchronous Compensator (STATCOM) [3atic Synchronous Series
Compensator (SSSC) [8], Thyristor Controlled Se@epacitor (TCSC) [9], Interline
Power Flow Controller (IPFC) [10], and Unified Pawdow controller (UPFC) [11].
Also some comparative study has been publishedheasdmparison between SVC,
STATCOM, TCSC, and UPFC [12][13].

The rest of this paper is structured as followsdation 2, the concept of the steady
state voltage stability model is introduced. Inteec3 the proposed methodologies for
the best placement of FACTS are considered. Thaileleé static voltage stability
model of STATCOM and SSSC has been explaineddtiose4. The results obtained
for the test system is given and discussed in @e&i Finally, Section 6 contains the
conclusion.

2. STEADY STATE VOLTAGE STABILITY

The steady state (or static) analysis mainly depemdhe steady state models, such
as power flow model or a linearized dynamic modesalibed by the steady state
operation. These methods [14-16] can be divideat int

1. Load flow feasibility methods, which depend dm texistence of an acceptable
voltage profile across the network. This approachadncerned with the maximum
power transfer capability of the network or thestamce of a solved load flow case.
There are many criteria proposed under this apprdaame of these criteria are the
following:

- The reactive power capability (Q-V curve).
- Maximum power transfer limit (P-V curve).
- Voltage stability proximity index (VSI) or the lodlbw feasibility index
(LFF index).
2. Steady state stability methods, which test tkistence of a stable equilibrium
operating point of the power system. Some of theeraa proposed under this
approach are:

- Eigenvalues of linearized dynamic equations.
— Singular value of Jacobian matrix (SVJ).
— Sensitivity matrices.

In this paper the two FACTS devices are used, ssé@unt device (STATCOM) and
the other is series type (SSSC). To select the Ibeation for these devices, two
different suitable algorithms are used. As the shi@vices affect mainly on the bus,
the weakest bus is identified as a best locatiors@ich device using Modal analysis.
While the critical line lead to voltage instabilitg investigated to select the best
location for the series device. For each procethegower flow is the first step.
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Power Flow Model for Voltage Stability Analysis

The power flow model is used to study steady statdtage stability since the
power flow equation yields adequate results, agusimities in related power flow
Jacobian can be associated with actual singulamrdaifion of the corresponding
dynamical system [17]. The power flow model is egented by:

_[aP(x,A)]_
F(X,A)—{AQ(X,AJ—O @

where F(x,4) is power flow equation and is Loading Factor (LF) or system load
change that drives the system to collapse in thewmg way:

Poi =Ry, A+ AK; ;)
Qo =Qpo; @+ AKy;) (2)

where Ppo; and @, represent the initial active and reactive loadsbas i and
constant¥p; andKq; represent the active and reactive load increasetetn of bug
respectively.

3. BEST PLACEMENT OF FACTS DEVICES FOR VOLTAGE
STABILITY ENHANCEMENT

To determine the best location of proposed FACT@cds, There are different
techniques are utilized. The following sectionscdié® the proposed methods.

3.1 Identifying Weakest Bus for Best STATCOM Location Using Modal
Analysis Method :

Modal or Eigenvalue Analysis Method can predicttagé collapse in complex
power system networks. It involves mainly the cotmmuof the smallest eigenvalues
and associated eigenvectors of the reduced Jacomédrix obtained from the load
flow solution. the participation factor can be usdtectively to find out the weakest
nodes or buses in the system [18].

The Newton-Raphson power flow equation represeyed

AP _ J, J, || A8 3 A 3)
AQ J,, J, || AV AV
In order to focus the study of the reactive demeamdisupply problem of the system

as well as minimize computational effort by redgcigimensions of the Jacobian
matrix J the real power via puttindP =0 in Equation (3):

AP =0=J,A60+J. AV AH=—JH JAV (@)
and
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AQ =J3,,A0+ 3, AV (5)
From equations (4) and (5) :
AQ =J AV =[], - ‘]21‘13 Jjav (6)

where J; is the reduced Jacobian matrix of the system.

The eigenvalues and eigenvectors of the reducest dattobian matrixl; are used
for the voltage stability characteristics analysi® detect voltage instability, modes of
the eigenvalues matrid is identified. The magnitude of the eigenvaluesvisles a

relative measure of proximity to instability.
Eigenvalue analysis o}, will be as follows:

J, =OAT (7)
where,

® = right eigenvector matrix of

[" = left eigenvector matrix o,

N\ =diagonal eigenvalue matrix ok,
and @I =1

Equation (7) may be written as:
ng =OAT (8)
From Equations (8) and (6):

AV =®ATAQ , or

AV = Z%AQ (9)

where A is the i " eigenvalue,®, is the i " column right eigenvector anfl, is the
i ™ row left eigenvector of matrid, .

Each eigenvalued and corresponding right and left eigenvectébsand I,
define thei " mode of the system. Thie" modal reactive power variation is defined
as:

AQmi = KicDi (10)

Wkere K, is a scale factor to normalize veciy), so that :

i

K ef =1 (11)



Voltage Stability Enhancement Using FACTS Devices

with @ the j " element of®,

The corresponding " modal voltage variation is :

AVmi =AiA(gmi (12)

i
Equation (12) indicates that if all the eigenvalwe positive,J;is positive

definite and the V-Q sensitivities are also positiand the system is voltage stable
[19]. The system is considered voltage unstablat ieast one of the eigenvalues is

negative. A zero eigenvalue df means that the system is close to voltage instybili

Furthermore, small eigenvalues &f, determine the proximity of the system to being

voltage unstable. So, once the minimum eigenvadunekthe corresponding left and
right eigenvectors have been calculated, the [aation factor can be used to identify
the weakest node or bus in the system.

The procedure may be summarized as follows:

- Obtain the load flow for the base case of théesgsand get the jacobian matrix

(J) and the reduced jacobiady)
- Compute the eigenvalues to identify how the systéose to instability and find
the minimum eigenvalueA_,,) of J; .

- Calculate the right and left eigenvectors if and compute the participation
factorsP, for (A,), . The highestP, indicates the most participatdd” bus

to i " mode ( which is the closest mode to instability)tia system.

- Generate the Q-V curve to tHe" bus. By using Q-V curves, it is possible to
know what is the maximum reactive power that camadigeved or added to the
weakest bus before reaching minimum voltage limitadtage instability

3.2 Line Outage Contingency Analysis for Best SSSC Location

Voltage stability index under different line outagentingencies is used to select
the appropriate location for SSSC, This is donesipyulating the line outage in the
power flow procedure.

When a line outage occurs the jacobian matrix néede modified to reflect the
outage effect [20]. To make such modification a mahsz circuit of an outage lingj
is presented in Fig. (1). The two power injecti@sand SC,- represent the effect of the
outage [21].

Bus i Z, =R+ X, Bus j

Fig. 1: Power injection model for line i-j



P rof. Gaber El-Saady, Prof. Mohamed A&h@b, Dr. Mohamed M. Hamada
and M.F. Basheer

To simplify the derivation let

Y :i:|YS| e'®

S
S

The outage effect is simulated by making the twweminjectionS and SC,- equal
to the power flows on the outgae line with oppositgs. Therefore :

S, = IYVE VY| €+ vy
= I:)ci + chi (13)

Scj = chij_ij|YS| e + YY| XI 1&%+6-8)

=Py *+ 1Qq (14)
P, =V\V, |Ys|cos@, +6, -6, )~ Vi?| Y| cos, (15
Qy =V.V, [Ys[sin@, +6, -6, )~ V?| Y| sind, + Y, V¥ (16
P, =V\V, |Ys|cos@, +6, -6, )~ V| Y| co, 17

Qg =VLV, [Ys|sin@, + 6, -6,)- V7| Ys|sind, + Y.V (18

Using equations (15 ) - (18 ) the Jacobian malrform in equation (3) is modified
to reflect the effects of the active and reactige/@r injections at buses i and j. Totally
16 elements need to be modified, and they are cwedbiogether to form the matrix
AJd:

08 08, oV, oV,

i j [ J
o 9P 9P 0P
A A A— A
o4 06 oV, oV,

A = 5 5 ' 5 5 ‘ (19)
08 06 oV, vV,

] I

0Q ,39 09 ,2Q

A=l A
0 06 oV, oV

op LR L9R ,0P

The elements oAJ (which are listed in [21]) should be added to theiresponding
positions in the originall . This process is represented in matrix form agv:
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J'=J+MAIM! (20)

where M has the following form:

N | 0
M=[-— | -- (21)

where 0 :is N X2 zero matrix
N : sparse Matrix in the fornN =[e| q}

€, € ! spares column vectors with only one unity elenagmtositioni and j

respectively.
The voltage stability index VSI is used in this pam contingency ranking [22].
VSI can be defined by:
47 2Q.
VSI :_2” Q
Vi X,

where Z; is the line impedancer is the reactive power at the receiving bds, is

the voltage at the sending bL)S,.j is the line reactance between buisasd;.

The computation procedures will be as following:

1- Base load flow computation is done .

2- Short listing of possible line outage contingend&eselected(this is done by
reviewing the critical lines for the same studiggtsm in the literatures)

3- Line outage contingencies is simulated by remoeiach line at a time.

4- VSl values are computed for each line for all seldcontingencies.

5- The highest VSI value from every line outages arked and the line outage
with highest rank is identified as the most criticatage .

In the following section, modeling of FACTS dessc used in this paper are
presented.

4. MODELING OF PROPOSED SYSTEM WITH STATCOM AND SSSC

There are many models used to represent STATCOMS&RLC devices. The most
suitable models for steady state voltage stalslitylies are presented in the following
sections.

4.1 Modeling of STATCOM Controller

A schematic representation of the one-phase STATG®&hown in Fig.2. It is
composed of a voltage source converter (VSC) cdedean the secondary side of a
coupling transformer. The VSC uses forced commuyteder electronics devices
(GTO'’s or IGBT’s) to synthesize the voltage frond@voltage source. The capacitor
connected on the DC side of the VSC acts as altlgeosource.
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To explain the basic STATCOM operation principlés, equivalent circuit is
depicted in Fig.3 , wheré, represents the voltage in the STATCOM terminal$\an
is the voltage on bus It is considered that the coupling transfornsdossless.

N g‘k%[iﬂr }tvm
)

Vet Ost
Fia. 2: Schematic diagram of STATCOM at Bus

Vi

/7

Fig. 3: STATCOM equivalent circuit

According to the equivalent circuit of the STATCGown inFig.3, let:
Vsh :VshD esh ’ Vi :Vi D 6|

So the STATCOM power flow constraints should be:

P :Vi2 O ~ViVa( 94:C0S0 = O )+ bysing -6 ) (22

Q. = _Vizbsh ViV 98N~ 0 )= bycos@ -6 ) (23
whereYg=1/Z4, =Qsh T jbsh .

Operating constraint of the STATCOM - the activevpp exchange via the DC
link is zero, which is described by :
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PE =Rel,,1.,)=0 (24,
where ,

ReVShI ;h):V ghg sh_V y sh(g shcose i_g sh)_ b shSirw i_g sr*)

The bus voltage control mode is used to improve vibitage stability so the bus
voltage control constraint is given by :

AF =V, -V, ¥ =0 (25)

where V" is the bus voltage control reference.
After inserting the STATCOM, the power flow relatghip is modified to be:

[ oP™ 9P"™ . 9P, 4P, |

06, ov, ~ av, a6,
AP ] 1o 0 L 0Q, 0Q, ([A6 ]
-AQ, 06, ov,  av, a6, ||AV,
......... = e s bl e [ (26)
-APE OPE  OPE dPE 9 PE||AV,,
-AF | | 06, v, Vv, 00, | 416,

oF OF . OF OF

00, ov, ~ av, a6,

whereh =i j,....

4.2 Modeling of SSSC Controller

A SSSC basically consists of a series couplingstamer, a solid-state voltage
source converter with several gate turn off (GTI@)istor switch-based valves and a
capacitor. The schematic diagram of the basic streof SSSC inserted between two
buses is shown in Fig.4.

Transmission line

Series Transformer

Bus |

Fig. 4. Schematic diagram of SSSC between Busi and Busj|
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YL

Fia. 5. SSSC equivalent circuit

To develop the SSSC model its equivalent circuihviivo port pi-model of the
transmission line is presented in Fig.5. Wheredbeverter is represented by voltage

source with series impedance (admittance). In thisuit, V, =V,008 and
V, =V,0§ are the voltages at busandj. V=V [16_ is the series injected
voltage of SSSCY_=G_+ B, and Z_, =R_+ jX _is the admittance and

impedance of series coupling transform¥r.= jBand Y, =G _+ |B_are the

charging susceptance and admittance of the trasgmifine respectively. From Fig.5
the following relations hold:

e e o

The two port network of pi-model of transmissiameliis described by the following
equation:

LT Y+, =Y V.
! { Yy Y+YLj|VJ' 2

where |,=I;
From SSSC part of the circuit:

V., =V, +V_ —-@Q/Y I, (29)
By substitutingv,, from equation (29) into equation (28):

=YV YV + Y (30)
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where,

Yi =G+ B =Y +¥WY
YT :Yse+Y+YL

Yij =Gj + JBJ =_YseYl./Y

Yy =Gy + By =YL (Y + V)] Y

Also, from equation (30) and equation (28) we have:

=YV +Y M+ Y % (31)
where,

Y; =G + B =( .Y/ Y)+YOL+2 Y+ Y/

Y. =Y.

Yy =Gy + 0By =Y Y [ Y

So the active, and reactive powern @ndj buses after inserting the SSSC will be
as follows:

R*=V,’G, +V V[ G cos@ -§ )+ B sing —@ )
V. [Gbi cos@ -6, )t By, sing, _Hse] (32

1~ se

Q*=-V,’B, +V V[ G sin@ -§ )- B cosf -6 )|
+V .V [G, sin@ -6,)- B, cosf,-6,.] (33

1~ se

P =V ’G; +V V | G cos§ -¢ )+ B sing -¢ )
+V V., [ G, cos@, -6, )+ B, sing -6..)] (34

jVse

Q*=-V/’B; +V V [ G sin@ -¢)- B cosg —¢ )
+V V[ G, sin@, -6,.)- B, cosf-6..) (35

jVse

The operating constraint of the SSSC (the actiwegp@xchange via the dc link) is:

PE =Rey{_I1:)=0 (37

Sell

where
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ReV,.17)=ViG,+V.Y [G,cosf -8 )} B, sing -6 )

se’ i se™ bi

+V V| G, cos@,.~6, )+ B, sinf,,~ 6, )

se’ j

In the practical applications of the SSSC, it mayused for control of one of the
following parameters: 1) the active power flow loé transmission line, 2) the reactive
power flow of the transmission line, 3) the bustagé, and 4) the impedance of the
transmission line. Therefore, the SSSC may havedontrol modes [23]. Among the
four control modes, the bus voltage control modesisd here to improve the voltage
stability so the bus voltage control constrairgiien by:

AF =V, -V,* =0 (38)

where V" is the bus voltage control reference

To implement the SSSC in Newton-Raphson power fline, power mismatches
equations will be:

AP, =P, - P,-P,=0

(39)
AQ, =Qg —Q4—Q,=0
where,
-P, andQ, are, respectively, the real and reactive poweritggthe buda (h=i,j,...).

- Pgh anngh are, respectively, the real and reactive powergngehe budi (h=ij,...).
-P,,andQ, are, respectively, the real and reactive load denaaush (h=i,j,...).

The Newton-Raphson algorithm is expressed by thewing relationship:

{—Apﬂ_ 06, aVv, {Aﬁh} (40)
-AQ, 9Q, 9Q, |LAV,
1 06, 0V, |

After inserting the SSSC, the power flow relatidpsk modified to be:
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(9P 9P . 9P, 0P, |
26, av, =~ oV, a6,
SOP T 1aQp 0Q™ . 9Q, 9Q, |[A6 ]
-AQ, 06, oV, oV, 6. | AV,
......... | e e[| (4D)
—-APE 0PE 0PE 0PE 0 PE|| AV,
-AF | | a6, v, v, a6, |ln6,
oF 9F . OF  OF
26, v, oV, 06,

where oF , oF , oF ,and oF equal zero. andai=1
06, \ oV, b oV, 0., oV,

The modified Jacobian matrix is split into four ¢ks by the dotted line, the upper
diagonal block has the same structure as that efststem Jacobian matrix of
conventional power flow [23] though the terms ofrnfier should consider the
contributions from the SSSC. The other three blafkhe Jacobian matrix are SSSC
related. The superscripts new are used to indtbateontribution of SSSC for buses i,
j for these buses:
oP,"™™ _ 0P, N orR> oJdR™ _0PR, N 0P

06, 06, 06, ' oV, oV, aV,

aQ':IEW _ th + thSS thneW: a Qh + a QhSS
36, 06, 86, ' oV, oV, oV,

5. SIMULATION RESULTS

Voltage stability enhancement using the propose@F& devices is done through
the simulation of IEEE 30- bus test system (showiig.6). Studied system data is
obtained from reference [24]. All the results aredquced by programs developed in
MATLAB © software package.

The system consists of 6 machines ,30 buses, atidetl Bus 1 is considered as
slack bus, while 5 nodes as PV buses and otheskas®Q buses. For all cases, the
convergence tolerance is 1e-12 p.u. and system$4asé MVA

As explained in the previous sections the bestiocaf the STATCOM is done by
modal analysis, while voltage stability index igdgor identifying the best location of
the SSSC.



P rof. Gaber El-Saady, Prof. Mohamed A&h@b, Dr. Mohamed M. Hamada
and M.F. Basheer

Fig. 6 The |IEEE 30-buspower system
5.1 Identification of the Weakest Bus

The modal analysis method is applied to the sugdetdst systems. The voltage
profile of the buses is presented from the loae flomulation. Then, the minimum
eigenvalue of the reduced Jacobian matrix is caftedl After that, the weakest load
buses, which are subject to voltage collapse, dentified by computing the
participating factors. The results are shown in Fig-ig. 8, and Table 1.

Figure 7 shows the voltage profile of all busestltg IEEE 30 Bus system as
obtained from the load flow. It can be seen thatle bus voltages are within the
acceptable level ([15%) except bus number 30, which is about 0.944 p.u.

The total number of eigenvalues of the reducedhlanamatrixJR is 24, as there
are 24 PQ buses. These eigenvalues are showabie T. All the eigenvalues are
positive which means that the system voltage iblstdt can be noticed that the
minimum eigenvalue that equal to 0.513 is the nooiital mode. The participating
factor for this mode has been calculated and thatres shown in Fig. 8. The results
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=3
©
T

Voltage, [p.u.]
T 7

0.5
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 28 24 25 26 27 28 29 30 31

Bus Number

Fig.7: Voltage profilefor all buseswithout FACTS

Table 1: Theeigen valuesfor the studied power system

BusNo. | Eigenvalue | BusNo. | Eigenvalue
1 107.48766 13 18.72292
2 100.92729 14 3.59637
3 59.71765 15 4.06940
4 47.33923 16 5.48372
5 37.90579 17 6.04582
6 34.85240 18 16.44144
7 23.35048 19 15.58759
8 22.81107 20 12.90193
9 0.51305 21 13.69709
10 1.03581 22 8.82146
11 1.73317 23 7.48722
12 19.83127 24 5.69517

show that, the buses 30, 29 and 26 have the highestipation factors for the critical
mode. The largest participation factor value (0.22)bus 30 indicates the highest
contribution of this bus to the voltage collapse.

The Q-V curves are depicted in Fig. 9 for the weakeises of the critical mode as
expected by the modal analysis method. The curvdiese the results obtained
previously by modal analysis method. It can be sxah buses 30, and 26 are the
critical buses compared with the bus 29 but witkpkeg in mind the participation
factors of the bus 30 will be the most critical pméere any more increase in the
reactive power demand in that bus will cause aageltcollapse. Therefore Bus 30 is
selected to place STATCOM FACTS device at it.
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0
01 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Bus No.

Fig.8: Participation factorsfor load buses

Bus Voltage, [p.u.]

Reactive Power, [p.u]

Fig.9: Q-V curvesfor critical buses

5.2 Critical Line for SSSC Placement

To define the suitable placement of SSSC, firdily line outage is simulated then
the VSI are computed as in section 3.2. From tledues of VSI under line outage
contingencies listed in Table 2 it is clearly séleat at line L38 (the line connecting
buses 27-30) outage all the buses have the hiylgtstfurthermore L38 itself has the
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highest VSI value under all the selected contingencThe line L39 has the second
highest VSI value. These results are expected sirecéwo lines are connected to the
weakest bus number 30 which is identified by theleh@nalysis. So, the line L38 is
chosen to place SSSC device.

5.3 Simulation Results With Effect of STATCOM and SSSC

To investigate the effect of the STATCOM device, B\Mves of the critical buses
26, 29, and 30 without and with STATCOM are depidte Fig.10 to Fig. 12. In Fig.
10 the voltage of bus 30 (where the STATCOM is @thds fixed at the targeted value
of 1 pu. despite the increasing of the loadingdiato 1.4. Also, in Fig. 11 and Fig. 12
the voltages are more closely to the nominal val&es all the results show that the
voltage profiles are enhanced and consequentlwditage stability margin of the
studied system is improved due to the use of STAVICO

The cases of using SSSC (at line 27-30) are showfig. 13 to Fig. 15, as in
STATCOM, the SSSC improves the voltage profiles foitical buses. Fig. 13
indicates that the device succeeds to fix the geltaf the most critical bus 30 to the
objective value. Fig. 14 shows an improvement ebltage profiles of buses 29.

In Fig. 15, the voltage profile before and afteS€Xonnected is nearly unchanged.
To explore the reason, a first glance to the stlidiestem in Fig. 6 indicates that, bus
26 is not connected neither to bus 30 nor bus @7hé& effect of SSSC (put in the line
27-30) on bus 26 is very small.

The voltage profile snapshot of all buses with thigerent proposed FACTS is
shown in Fig. 16. It is noticed that all the bugekages are kept within the acceptable
range. While the voltage magnitudes of all busasguUSTATCOM are greater than the
magnitudes obtained using SSSC.

1.05
1
g 0.95- B
>
0.9r *
—\With STATCOM
""" Without STATCOM
0.85

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
Loading Factor at bus 30 (pu)
Fig.10 P-V curve of bus 30 with and with out STXOM



P rof. Gaber El-Saady, Prof. Mohamed A&h@b, Dr. Mohamed M. Hamada
and M.F. Basheer

Table 2. VS for the studied power system under different lines outage

Line outage

LineNo

L13

L16

L21

L24

L29 | L31

L32

L33

L38

L39

L1(1-2)

0.028

0.027

0.104

0.242

0.325

0.370

0.418

0.468

0.999

0.999

L2(1-3)

0.062

0.254

0.648

0.999

0.999

0.999

0.999

0.999

0.999

0.430

L3(2-4)

0.154

0.440

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L4(3-4)

0.035

0.101

0.251

0.399

0.518

0.583

0.654

0.720

0.999

0.999

L5(2-5)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L6(2-6)

0.144

0.350

0.723

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L7(4-6)

0.035

0.085

0.177

0.314

0.403

0.457

0.506

0.547

0.999

0.999

L8(5-7)

0.796

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L9(6-7)

0.533

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L10(6-8)

0.497

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L11(6-9)

0.296

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.999

0.999

L12(6-10)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L13(9-11)

0.043

0.593

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L14(9-10)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L15(4-12)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L16(12-13)

0.146

0.309

0.893

0.000

0.999

0.999

0.999

0.999

0.999

0.999

L17(12-14)

0.700

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L18(12-15)

0.302

0.588

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L19(12-16)

0.169

0.325

0.454

0.880

0.999

0.999

0.999

0.999

0.999

0.999

L20(14-15)

0.846

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L21(16-17)

0.495

0.953

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L22(15-18)

0.277

0.541

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L23(18-19)

0.462

0895

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L24(19-20)

0.076

0.149

0.287

0.394

0.513

0.566

0.624

0.680

0.999

0.999

L25(10-20)

0.217

0.427

0.822

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L26(10-17)

0.214

0.413

0.823

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L27(10-21)

0.353

0.672

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L28(10-22)

0.074

0.152

0.305

0.434

0.541

0.592

0.601

0.696

0.999

0.999

L29(21-23)

0.023

0.045

0.085

0.122

0.132

0.166

0.028

0.198

0.999

0.999

L30(15-23)

0.195

0.375

0.707

0.999

0.999

0.999

0.229

0.999

0.999

0.999

L31(22-24)

0.270

0.477

0.826

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L32(23-24)

0.359

0.635

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L33(24-25)

0.123

0.247

0476

0.711

0.886

0.965

0.999

0.999

0.999

0.999

L34(25-26)

0.241

0.429

0.756

0.999

0.999

0.999

0.999

0.999

0.999

0.445

L35(25-27)

0.999

0.949

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L36(28-27)

0.999

0.999

0.999

0.912

0.999

0.999

0.999

0.999

0.999

0.999

L37(27-29)

0.360

0.693

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L38(27-30)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L39(29-30)

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999

L40(8-28)

0.109

0.261

0.542

0.894

0.999

0.999

0.999

0.999

0.999

0.546

L41(6-28)

0.037

0.077

0.159

0.265

0.338

0.360

0.398

0.505

0.999

0.999
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6. CONCLUSION

This paper introduces a study of the STATCOM an&G%ised for steady state
voltage stability improvement. Detailed steadyestaiodels of both FACTS devices
are presented focusing on the inclusion of thestcédg into the power flow analysis
process. Two different algorithms suitable for bpkicement of the devices are
proposed. These devices prove their ability to robavoltage stability margin. The
simulation results show that the insertion of STAIN improves the voltage profiles
and the system steady state stability of the stusistem is better than that obtained
with using SSSC device.
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