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Absfracr- Electric power systems are exposed to various 
contingencies. Network contingencies often contribute to 
over-loading of network branches, unsatisfactory voltages 
and also leading to problems of stability/voltage collapse. 
To maintain security of the systems, it is desirable to 
estimate the effect of contingencies and plan suitable 
measures to. improve system security/stability. This paper 
presents an approach for selection of '  UPFC suitable 
locations considering normal and network contingencies 
after evaluating the degree of severity of the contingencies. 
The ranking is evaluated using composite criteria based 
fuzzy logic for eliminating masking effect. The selection of 
UPFC suitable locations uses the criteria on the basis of 
improved system security/stability. The proposed approach 
for selection of UPFC suitable locations has been ~ tested 
under simulated conditions on a few sample power systems 
and the results for a real life 36-node equivalent EHV power 
network are presented,for illustration purposes. 

1. INTRODUCTION 

In power system planning various types of studies are 
carried out, considering various system operational 
scenarios. Intended and unintended switching operations are 
considered for very fast transient conditions and protective 
measures are planned for the purposes. Under dynamic 
conditions such as faults, line openings, generator trippings 
and load throw off etc. protective systems are designed with 
more emphasis on protecting the equipments than concern to 
the system security and stability. However, judicious use o f  
dynamic controls at generating systems, excitatiodgovernor 
systems, HVDC systems, static VAR compensators (SVCs) 
and more recently FACTS devices will help to maintain the 
system security/stability. In a day-to-day operation it may be 
beyond the operators scope to take any control decision 
during emergencies. However. the operator can use various 
control devices and also SVCs, WFC to restate the system 
to normal conditions. In planning study it may be prohibitive 
to 'carry- out dynamic studies for an exhaustive 
contingencies. T'hus'it is important to evaluate exhaustive 
numbers of static contingency studies and obtain the set of 
important severe contingencies for detailed dynamic 
analysis. . ' 

Contingency screening and ranking is one of the important 
components of on-line system security assessment. Most of 
the contingency ranking methods, generally, ranks the 
contingencies in an approximate order of severity with 
respect to a scalar performance index (PI), which quantifies 
the system stress [1]-[4]. It has been pointed out . that 
two separate ranking lists are required for real power flow 
problems and voltage profile problems, respectively, since 
the contingencies causing line overloads do not necessarily. 
cause bus voltage violations and vice versa. Thus, two 
performance indices, which give measures for line overloads 
and for bus voltage violations respectively, are needed for 
real power and voltage contingency rankings [5] .  The 
common disadvantage of several PI-based ranking methods 
is the masking phenomenon. 

h t h  increased loading of existing power transmission 
systems, the problem of voltage stability and voltage 
collapse, has also become a major concern in power system 
planning and operation. It has been observed that voltage 
magnitudes do not give a good indicator of proximity to a 
voltage stability limit and voltage collapse [6 ,7] .  Therefore, 
in the network contingency ranking, it is necessary to 
consider voltage stability indices at all the load buses as the 
post-contingent quantities, in addition to real power loadings 
and bus voltage violations for estimating the actual system 
stress under a . contingency. Then suitable 
measures/preventive control actions can be planned to 
improve system security/stability. 

The most comprehensive device emanated from the FACTS 
initiative is the Unified Power Flow Controller (UPFC)[8,91. 
The UPFC regulates the active and reactive power.control as 
well as adaptive to voltage magnitude ' control 
simultaneously or any combination of them. Controlling the 
power flows in the network, under normal and network 
contingencies, help to reduce flows in heavily loaded lines, 
reduce system power loss, improve stability and 
performance of the system without generation rescheduling 
or topological changes [lo]. Because' of the considerable 
costs of the FACTS devices, it is important to ascertain the 
location for placement of these devices suitable for various 
network contingencies. 



TENCON 2003 /756 
The locations of the UPFC device in the power system a r e  
obtained on the basis of static and/or dynamic performances. 
There are several methods for finding locations of UPFC in 
vertically integrated systems but little attention has been 
devoted to power, systems under network contingency. In 
this paper, for selection of suitable locations of WFC, 
voltage stability L-index of load buses has been used as the 
basis for improved system securitylstability after evaluating 
the degree of severity of the considered contingency. The 
ranking is evaluated using composite criteria based fuzzy 
approach for eliminating masking effect. The fuzzy 
approach uses voltage stability indices at the load buses as 
the post-contingent quantities, in addition to real power 
loadings and bus voltage violations to evaluate the network 
contingency ranking. The proposed approach has been 
tested under simulated conditions on a few power systems 
and the results for a 24-node real-life equivalent EHV power 
network are presented for illustration purposes. : 

2. .VOLTAGE STABILlTY INDEX (L-INDEX) COMPUTATION 
. .  

Consider a system where n is the total number of buses with 
1.2 ...g, g number of generator, buses, and g+l ... n, 
remaining (n-g) buses. For a given system operating 
condition, using the load flow (state estimation) results, the 
voltage srability L-index is computed as [6], 

Where j = g+l ... n and all the terms within the sigma on the 
RHS.of equation (I) are complex quantities. The values of 

F,i are obtained from the network Y-bus matrix. For a 
given operating condition 

Where 1, , I ,  and v, ,vL represent complex current and 
voltage vectors at the generator nodes and load nodes. 

and [Y,] are corresponding 
partitioned portions of network Y-bus matrix. Rearranging 
the above equation (2) we get, 

elements of [F,, ] matrix 

F,i are the complex 

An L-index value away from 1 and close to 0 indicates an, 
improved system security. For an unloaded system with 
generator /load buses voltages I .OLO,  the L- indices for load 
buses are close to O(zero), indicating that the system has 
maximum stability margin. For a given network as the 
loadgeneration increases the voltage magnitude and angles 
change and for near maximum power transfer condition the 
voltage stability indexLj  values for load buses tend to close 

to l(unity), indicating that the system is close to voltage 
collapse. While the different methods give a general picture 
of the proximity of the system voltage collapse, the L- index 
gives a scalar number to each load bus. Among the various 
indices for voltage stability and voltage collapse prediction, 
the L-index gives fairly consistent results. The advantage of 
this method lies . i n  the simplicity of the numerical 
calculation and expressiveness of the results. 

3. THE APPROACH 

The major steps involved in the approach are as follows 

Step 1. For a given system, exhaustive contingency analyses 
are carried out. 

Step 2. Contingency ranking using three criteria viz, line 
loading, bus voltage profiles and a voltage stability index of 
load buses is carried out. 

Step 3. A contingency.ranking method using all the above 
criterion has been used which employed fuzzy approach. 
This is described in section 4 

Step 4. Since most of tbe contingencies may not pose 
system securitylstability problems those of contingencies 
that pose serious system security/stability problems are 
selected. 

Step 5. A set of most severe contingencies, in the order of 
severity, is identified which needs additional supporting 
devices such as QEG to improve the system conditions. 

Step 6. Based on the above set of network contingencies, a 
few transmission corridors are considered for placement of 
UPFC devices. 

Step 7. For each contjngency, analyses are carried out with 
placement of UPFC in different transmission corridors. 

Step 8. Based on the improved performance (voltage 
stability indices) the most suitable location and the next 
most suitable for UPFC is suggested. 

Step 9. From the analysis of all above set of contingencies 
one or two best locations .for WFC placement are 
suggested. 
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4. FUZZY APPROACH FOR CONTINGENCY " K I N G  

The post-contingent quantities are first expressed in fuzzy 
set notation before they can be processed by the fuzzy rules. 

Line Loadings 

Each post-contingent percentage line loading is divided into 
four categories using fuzzy set notations: Lightly Loaded 
(LL), 0-50%, Normally Loaded (NL), 5045%. Fully loaded 
(FL), 85-100%, Over Loaded (OL), above.100%. Fig. 1 
shows the correspondence between line loading and the four 
linguistic variables. 
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Rg. I Line Loadings and the corresponding linguistic variables 

Bus Voltage Profiles 

Each post-contingent bus voltage profile is divided three 
categories using fuzzy set notations: Low Voltage (LV), 
below 0.9pu, Normal Voltage (NV), 0 . 9 - 1 . 0 2 ~ ~  and Over 
Voltage (OV), above 1.02pu. Fig. 2 shows. the 
correspondence between bus voltage profiles and the three 
linguistic variables. 
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Fig.2 Voltage Profiles and the corresponding linguistic variables 

Voltage Stability Indices 

Each post-contingent voltage stability index is divided into 
five categories using fuzzy set notations: Very Low Index 
(VLI), 0-0.2, Low Index (LI), 0.2-0.4, Medium Index (MI), 
0.4-0.6,High Index (HI), 0.6-0.8and Very High Index (VHI), 
above 0.8. Fig. 3 shows the correspondence between bus 
voltage stability indices and the' five linguistic variables. 
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Fig.3 Voltage Stability Index and the corresponding linguistic variables 

The fuzzy rules, which are used for evaluation of severity 
indices (SI) of post -contingent quantities, are given in Table 
1. 

Table I 

Severit 
LL NL FL OL 

Where VLS=Very Less Severe, LS . =Less Severe 
BS=Below Severe, AS= Above Severe 
MS=More Severe 

The Overall Severity Indices (OSI) for a particular line 
outage are obtained using the following expressions 

OSI, = w, SI,, , OSI, = wvp SI, 

OSIVSI =&vs1 SI, 
Where 
W U ,  wvpl wvsl = Weighting coefficients for severity 

indices of line loading, voltage profile and voltage stability 
indices respectively. 

SI,, SIV,,, S I ,  = Severity indices of post-contingent 
line loading, voltage profile and voltage stability indices 
respectively. 

Computation of Nehvork Composite Overall Severi0 Index 
(NCOSI) 
The network composite overall severity index (NCOSI) is 
obtained by adding the three overall severity indices as 
shown in Fig.4. 

Pig. 4. Parallel operated fuzzy Inference Systems (FIS) 
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5. SELECTION OF SUXTABLE LOCATIONS OF UPFC UNDER 

NETWORK CONTINGENCY 

It is proposed to improve the performance of the system by 
selecting suitable locations for UPFC using all of its benefits 
under network contingencies. For a given contingency the 
possible locations of UPFC a e  analyzed. A contingency 
may involve a line having UPFC. and thus two locations for 
UPFC are selected based on the best performance of the 
system. These two UPFCs may take care of many network 
contingencies. 

UPFC equivalent circuit 

The UPFC equivalent circuit for steady state model is shown 
in Fig.5. 

Fig.5. UPFC equivalent circuit 

The equivalent circuit consists of two ideal voltage sources 
and are: 

= V  (cos8 + s i n 8  ) 

= V  (cos0 + s i n 8  ) 
'cR cR cR cR 

'vR vR vR VR 

WhereV,, and8,,R are the controllable magnitude 

( VvRmin 5 V, 5 V,,,, ) and angle (0 5 6 2Z ) of 

the shunt voltage source .The magnitude v, and angle 

@,of the series voltage source are controlled between 

limits (VcRrmn 6 V,  I V,,,,) and angle 

( 0  I 5 2~ )respectively [ I l l .  

. Approachfor UPFC location 

The following are the major steps involved in the approach 
for selectibn of UPFC location under a given network 
contingency. 

Step I: Identify the transmission corridors for the given 
network. 
Step 2: Select some transmission lines as suitable locations 

for each transmission corridor. 

Step 3: Perform the power flow/voltage stability analysis 
with UPFC connected iq selected line for each transmission 
corridor for a given network contingency. 

Step 4: Compute performance. of voltage stability 
improvement indices %L of the load buses. 

Where 

L .  =Initial voltage stability index of a load bus j under a 

contingency 
L T  =New voltage stability index of a load bus j 

The negative value of XL indicates that the overall system 
stability/security is improved. 
The positive value of %L indicates that the overall system 
stability/security is not improved. 

Step 5: Prepare a list indicating location of UPFC, the value 
of %L and maximum value of voltage Stability Index L,, . 

Step 6: From the above list we can identify the most suitable 
location for UPFC, which gives maximum value for %L. 

old 
I '  

6. A REAL LIFE 36-BUS EQUIVALENT EHV SYSTEM 

STUDIES 

Contingency Ranking 

The fuzzy approach for contingency ranking is applied on a 
real life system of 36-bus equivalent EHV power system 
network shown in Fig6.The system has 9 generator buses. 
and 27 other buses. The load is represented at 27 numbers of 
buses. The system total peak load is about 4657MW; 
1789MVAR.There are shunt reactors connected at various 
400 kV buses for transient over-voltage protection. The 
ranking of all the line outage contingency cases using the 
fuzzy approach is shown in Table 2. The proposed method 
of contingency ranking is able to  distinguish clearly the 
actual severity of the system considering line loading, 
voltage profiles and voltage stability indices from one 
contingency to other. Hence the fuzzy method eliminates 
problem of masking effect of other methods for network 
contingency ranking. 

UPFC Location 

Since most of the contingencies may not pose threat the 
system security/stability those of contingencies that pose 
serious system security/stability 'problems are  selected. For 
the 36-bus system rank 1,2 and 3 network contingencies are 
considered for illustrative purpose of the approach. 
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Line 0 S l u  OSlvp OSlvsl NCOSI 

Rg.6. A Real life 36-node Equivalent EHV System 

Rank 

In this contingency for a peak load condition the overall 
total real power loss is 246.78(5.01%). The minimum 
voltage V-is 0.907 p.u at bus 13 and the maximum 

voltage stability index L,is 0.874 at bus 10."'.The 

summary of results of WFC placement under rank -1 
contingency is given in Table3. 

Tahb ? - 

Line 
36-30 -0.1362 0.8578 0.9143 
35-30 0.7111 0.8324 0.9186 
35-27 1.3548 03582 0.9389 ' . 

,. . ~ .. 

From the above Table 3 it can be observed that the value of 
.& is negative for the WFC'iocation'in the'line 36-30 
which indicates the improvement' in system stability/security 
and is positive for other W F C  locations which indices the 
no improvement of system stability/security .The' values 
ofL,, and V,, are also better.from initial values.under 

contingency. Therefore the suitabie line for W F C  
placement is 36-30 under the,rank-1 confingency. ~ , , 

Rank-2 Contingency (line 30;27 outage) ~:~ ,. . 

_ , .  1 
, . . .  . i .  , I 

; . .. ! , . . :  . 

* . .  
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In this contingency for a peak load Londition the overall 
total real power loss is 242.3MW(4.95%). The minimum 
voltage v,, is 0.897 p.u at bus 16 and the maximum 

voltage stability index L,,is 0.856 at bus 10. The 
summary of results of UPFC placement under rank -2 
contingency is given in Table 4. 

Tahle 4 ~~~~. . 
S u m  of results of UPFC lacement under rank-2 contin enc 

Line 
36-30 -1.8824 0.7169 0.9681 
35-30 - 1.023 I 0.7797 0.9618 
35-27 0.2443 0.8625 0.9537 

It can be-observed from the above Table 4 that the value of 
.& is negative for the UPFC location in the lines 36-30 and 
35-30, which indicates the improvement in system 
stability/security and is positive for the UPFC location in the 
line 35-27 which indicates no improvement of system 
sgbilitykecurity. Since the value of .& is more negative for 
the UPFC location in line 36-30 compared to the UPFC 
location. in the line 35-30. Therefore the most suitable line 
for UPFC placement is 36-30 under the rank-2 contingency. 

Rank-3 Contingency (line 33-25 outage) 

In this contingency for a peak load condition the overall 
total real power loss is 233.92MW(4.78%), The~min%um 
voltage V,, is 0.956 p.u at bus 10 and themaximum 

voltage stability index Lmx is 0.909 at bus 10. The 
summary of results of UPFC placement under rank -3 
contingency is given in Table 5 .  

.. 

Tahle 5 ~ ~~~ 

Line 
36-30 - 1.9396 0.7169 0.9668 
35-30 -1.0335 0.7797 0.9770 
35-27 0.0681 0.8625 0.9360 

It can be observed from'the above Tahle 5 that the value of 
& is negative for the ThFC location in the lines 36-30 and 

' 35-30. which indicates the improvement in system 
stabilityhecwity and is positive for the UPFC location in the 
line 35-27 which indicates no improvement of system 
stabilitykecwity. Since the value of & is more negative for 
the UPFC location in line 36-30 compared to the UPFC 
location in the line 35-30. Therefore the most suitable line 
for UPFC placement is 36-30 under the rank-3 contingency. 

It can be concluded that, from all the above contingency 
cases, the most suitable location for all the above 
contingencies is the line 36-30 which can take care of all the 
contingencies and next is the line 35-30. 

' 

7. CONCLUSIONS 

In this paper, in addition to real power loadings and bus 
voltages, the voltage stability indices at the load buses are 
also used as the post-contingent quantities to evaluate the 
network composite contingency ranking. The fuzzy 
contingency ranking method eliminates the masking effect. 
The selection of UPFC location under contingencies uses the 
voltage stability L-index improvements of load buses. A set 
of most severe contingencies, in the order of severity, is 
identified which needs additional supporting devices. Based 
on the above set of network contingencies, a few 
transmission corridors are considered for placement of 
W F C  devices. For each contingency, analyses are carried 
out with placement of UF'FC in different transmission 
corridors. The proposed approach for UPFC location has 
been tested under simulated conditions on a few sample 
power systems and the results for a 36-node real-life 
equivalent EHV power network are presented for illustration 
purposes. 
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