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Due to the growth of electricity demands and transactions in power markets, existing power 
networks need to be enhanced in order to increase their loadability. Two types of FACTS 
devices, SVC and TCSC, can be installed on buses and transmission lines to relieve congestion 
and enhance the loadability of power systems, respectively through injecting reactive power and 
changing line reactance. Proper location of SVC and TCSC is a key to maximize loadability. In 
this paper, the eigenvalue structure analysis combined with min-cut algorithm has been proposed 
to determine optimal location of SVC and TCSC. Transmission system loadability enhancement 
using FACTS requires a two-step approach. First, the optimal location of the FACTS in the 
network must be ascertained and then, the continuation power flow programming (CPF) with 
fixed FACTS parameters is solved. Study results on IEEE 14-, IEEE 30- and IEEE 118 bus 
system show that the proposed method is capable of finding the best location for FACTS 
installation to relieve congestion and enhance the loadability. 
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1. Introduction 
 

The restructuring of the electricity industry has brought the trading of significant 

amounts of electrical energy. However, it is also facing many challenges related to power 

system security. Various factors such as environmental, right-of-way and cost constraints 

have limited the expansion of the transmission networks while the demand for electricity of 

the system is increasing and this has led to heavy stress on the power networks. Therefore, 

the existing power networks need to be enhanced to alleviate congestion and increase their 

loadability.  This is one of the most challenging tasks and difficult to deal with for the 

Independent System Operator in the electricity market. In order to solve this problem 

without building more transmission lines, installation of FACTS devices can be a better 

alternative.  

Flexible AC Transmission Systems (FACTS) devices [1] have been widely utilized to 

enhance system stability and loadability. However, it is indicated that the effectiveness of 

the controls for different purposes mainly depends on the location of control device [2]. 

Therefore, Operators are facing the problem of where FACTS should be installed in order 

to achieve require goal? 

In practice, power system is only possible to transfer the finite amount of power between 

two points on the electric grid due to transfer limit of the transmission lines. This makes 

transmission lines are often driven close to or even beyond their thermal limits in order to 

satisfy the increased power demand and trades due to increase of the unplanned power 

exchanges. If the exchanges were not controlled, some lines located on particular paths may 
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become overloaded [3]. This is the main bottleneck of the power system. The existence of 

bottlenecks in the transmission line affects direct on market transactions and impedes 

system loadability. The congestion can be relieved and loadability of the power system can 

be enhanced if FACTS devices are suitably installed on buses and transmission lines to 

enhance bus voltage and redistribute real power flows through injecting reactive power and 

changing line reactance. Therefore, determining the weakest locations of power system 

plays key role in reducing search space and number of FACTS devices need to be installed. 

However, it is very difficult to implement if there is not an effective method. Using the 

eigenvalue structure analysis and min-cut algorithm will be one of the effective method to 

solve this issue.  

Most of those studies of optimal allocation of FACTS devices to improve transmission 

loadability and security of system operation have in common the following methods and 

techniques. 

Population based intelligent techniques, such as Gravitational Search Algorithm [4], 

Hybrid Differential Evolution Algorithm [5], Evolutionary Programming [6], and Particle 

Swarm Optimization [7-8] were proposed to determine maximum loadability of the 

transmission system using FACTS devices.  

Sensitivity based approach was used to locate Thyristor Controlled Series Compensator 

(TCSC) and Unified Power Flow Controller (UPFC) for enhancing the power system 

loadability, considering voltage and angle sensitivities with respect to changes in the system 

load [9]. In [10], Continuation Power Flow was used for obtaining the size and locations of 

the series compensators to increase the loadability limit of the system. Mixed Integer Linear 

and Nonlinear Programming based Optimal Power Flow (OPF) methods were used to 

determine the maximum loadability using FACTS devices in pool and hybrid electricity 

markets [11]. In [12], the real power flow sensitivity index (PI) and transmission line relief 

(TLR) sensitivity indexes were used for obtaining optimal locations of TCSC to relieve 

congestion 

In this paper, TCSC and SVC which is one of the most effective FACTS devices are 

selected to study. The objective of this paper is to relieve congestion, improve loadability 

through the optimal utilization of TCSC and SVC. Proper location of FACTS devices is 

determined base on the eigenvalue structure analysis and min-cut algorithm. The proposed 

method can identify the weakest areas of the system in terms of buses voltage and transfer 

capability of the lines and therefore helps the System Operators to operate the system in a 

more secure and sufficient way. Using this method, the number of branches and buses 

which need to be investigated to determine the position placement TCSC and SVC to 

enhance transmission loadability has been significantly decreased. 

 

2.  Problem formulation 

A TCSC can be inserted in series with the transmission line to adjust the line impedance 

and therefore control the power flow to increase loadability. The maximum compensation 

by TCSC is limited to 70% of the reactance of the un-compensated line where TCSC is 

located. Real and reactive power flows of a compensated line can be expressed as [8]. 

)sinbcosg(VVgVP ij
'
ijij

'
ijji

'
ij

2
i

c
ij δ+δ−=                  (1) 



J. Electrical Systems 13-3 (2017): 579-594 
 

 581

]cosbsing[VV)bb(VQ ij
'
ijij

'

ijjish
'
ij

2
i

c

ij δ−δ−+−=               (2) 

Where   
2

c,ijij
2
ij

ij'

ij
)( xxr

r
g

++
=   and   

2
c,ijij

2
ij

cij'
ij

)(

)

xxr

xx(
b

++

−−
=  

are the conductance and susceptance with a TCSC on the line i-j, δij is the phase angle 

difference between buses i and j.  

A SVC can be installed at a PQ bus to control bus voltage by providing reactive power. 

Let QCi be a regulated reactive power supplied by an SVC installed at bus with a range of 

QQQ CCiC
≤≤ . The real and reactive power balance equations are expressed as 

0)1( PPPP DioGiGio
j

c,ij =λ++−−∑
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                  (3) 
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               (4)  

Where -PGio + PDio and -QGio + QDio are the real and reactive power injections of 

generator and load at bus under base case condition (λ = 0, λ is loading factor). PGi and QGi 

are the additional real and reactive power generations for providing increased system load. 

Pij,c , Qij,c are real and reactive power injection with TCSC. Pci , Qci are real and reactive 

power injection at a bus with SVC.  

The object function which determines the locations and control settings of SVC and 

TCSC for system loadability enhancement is formulated as follows: 

Max λ         

Subject to 

- Power generation limit  

PPP GiGiGio0 ≤+≤                         (5) 

QQQ
GiGiGio

0 ≤+≤                        (6) 

- Bus voltage limits 

VVV iii
≤≤                           (7) 

- Line thermal limit 
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Where power balance equation is presented in (3) and (4). After solving the problem, the 

maximum additional loading of the system λ*.∑PDio can be obtained.  

3.   Determination of installation positions 

3.1 Determination of proper buses for SVC to install 

In this method, voltage stability analysis is done by computing eigenvalues and right and 

left eigen vectors of a jacobian matrix. It identifies the critical areas of voltage stability and 

provides information about the best actions to be taken for the improvement of system 

stability enhancements. The linearized steady state system power flow equations are given 

by [13].  










∆

δ∆








=









∆

∆

δ

δ

VQ

P

JJ

JJ

QVQ

PVP
                       (9) 

Where  

∆P = incremental change in bus real power, ∆Q = incremental change in bus reactive 

power injection, ∆δ = incremental change in bus voltage angle, ∆V = incremental change in 

bus voltage magnitude.  

System voltage stability is affected by both P and Q. However, at each operating point 

we may keep P constant and evaluate voltage stability by considering the incremental 

relationship between Q and V. This is analogous to the Q-V curve approach. Although 

incremental changes in P are neglected in the formulation, the effects of changes in system 

load or power transfer level are taken into account by studying the incremental relationship 

between Q and V at different operating conditions. Base on the above considerations, Let 

∆P = 0 in (9). We can write: 

∆P = 0 = JPδ∆δ + JPV∆V or VJJ PV
1

P ∆−=δ∆ −
δ              (10) 

VV][Q JJJJJ RPV
1
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Also     

QV J
1

R ∆=∆ −                            (13) 

JR is a reduced Jacobian matrix of the system. JR directly relates the bus voltage 

magnitude and bus reactive power injection.  Let γi be the ith eigenvalue of JR with ξi and ηi 

the corresponding column right eigenvector and row left eigenvector, respectively. The ith 

modal reactive power variation is 
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∆Qmi = Kiξi                          (14) 

Where          

1
j

2
ji

2
iK =∑ ξ                           (15) 

With ξji the jth element of ξi. The corresponding ith modal voltage variation is  

QV mi
i

mi ∆∆ =
γ

1                         (16) 

The magnitude of each eigenvalue γi determines the weakness of the corresponding modal 

voltage. If γi > 0, the ith modal voltage and the ith modal reactive power variations are along 

the same direction, indicating that the system is voltage stable. If γi < 0, the ith modal 

voltage and the ith modal reactive power variation are along opposite directions, indicating 

that the system is voltage unstable. When γi = 0, th ith modal voltage will collapse because 

any change in that modal reactive power will cause infinite modal voltage variation.  

3.1.1. Bus participation factors 

During voltage collapses analysis, the determination of buses that affect the power 

system is very important. It is represented by a parameter, which is bus participation factor. 

The larger bus participation factors are the larger the level effects for power system. This is 

one of the tools that are used to find weak bus. That is the bus which can causes the voltage 

collapses of power system.  

The relative participation of bus k in mode i is given by the bus participation factor: 

Pki = ξkiηik                            (17)  

From (18), we see that Pki determines the contribution of γi to the V-Q sensitivity at bus 

k. For all the small eigenvalues, bus participation factors determine the areas close to 

voltage instability. Hence, SVC should be placed in a bus having largest participation factor 

Pki. 

Calculation procedure based on eigenvalue structure analysis for judgment of 

voltage weak point is summarized in the following steps 

Step 1: Run power – flow analysis, calculating Jacobian matrix JR and reduced Jacobian 

matrix JR.  

Step 2: Calculating eigenvalues γ of JR, determining smallest eigenvalue.  

Step 3: Calculating bus participation factors of smallest eigenvalue 

Step 4: Determining largest bus participation factors, that is weak bus which can causes the 

voltage collapses of power system.  

3.2. Determination of proper branches for TCSC to install 

It is well known that proper position of TCSC plays an important role in relieving 

congestion, improving loadability. But the issue is “which branches should the System 

Operators place TCSC on in order to achieve above goal?”. In order to reduce search space 

and improve transfer capability, TCSC need to be installed at the bottleneck location of 
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power system. This is the location that demonstrates maximum possible power flow from 

source(s) to sink(s). When the system load is increased, the bottleneck is the first location 

where congestion occurs. Therefore, in order to eliminate/alleviate congestion, the transfer 

capability at the bottleneck should be examined. The details of determining bottleneck of 

power system by min cut algorithm can refer in [14].  

4. Case study and discussions 

Table 1 : Power flow of base case at λ* = 0, at λ* = 1.2236 without FACTS and λ* = 1.3956 

with FACTS devices. 

 

The proposed method for the optimal placement of the TCSC and SVC to improve 

loadability has been implemented on modified IEEE 14- IEEE 30- and IEEE 118 bus 

system. PSAT software package [15] and MATLAB, R2008a, v7.6 has been used for 

simulations.  

4.1. The modified IEEE 14-bus system  

The data for the 14-bus system depicted in Fig. 1 is shown in Table 1 (column 5-6). The 

voltage limits are 0.950 pu and 1.060 pu and the line thermal limits are shown in Table 2 

(column 2).  

  

Bus Base case (λ*  = 0) 
Without FACTS (λ*  = 1.2236) With FACTS ( λ*  = 

1.3956) 

 Vol. PG QG PL QL Vol. PG PL Vol. PG PL 

 

1 

 

1.06 

 

1.87 

 

-0.02 

 

- 

 

- 

 

1.06 3.93 

 

- 

 

1.06 4.246 

 

- 

2 1.05 0.32 0.30 0.217 0.127 1.04 0.81 0.482 1.043 0.880 0.519 
3 1.04 0.48 0.50 0.942 0.190 1.03 1.21 2.094 1.029 1.320 2.256 
4 1.00 - - 0.478 0.039 0.99 - 1.062 0.992 - 1.145 

5 1.01 - - 0.076 0.016 0.99 - 0.168 0.996 - 0.182 

6 1.02 - - 0.112 0.075 0.99 - 0.249 1.025 - 0.268 

7 1.02 - - - - 1.00 - - 1.007 - - 

8 1.05 - 0.16 - - 1.04 - - 1.047 - - 

9 1.00 - - 0.295 0.166 0.97 - 0.655 0.981 - 0.706 

10 0.99 - - 0.090 0.058 0.97 - 0.200 0.978 - 0.215 

11 1.00 - - 0.035 0.018 0.97 - 0.077 0.995 - 0.083 

12 1.00 - - 0.061 0.016 0.97 - 0.135 1.001 - 0.146 

13 1.00 - - 0.135 0.058 0.96 - 0.300 0.992 - 0.323 

14 0.98 - - 0.149 0.050 0.94 - 0.331 0.959 - 0.356 
Sum - 2.67 0.94 2.59 0.813 - 5.96 5.75 - 6.447 6.204 
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Fig. 1. Modified IEEE 14-bus test system 
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Fig. 2. Plot 3 lowest voltages for IEEE 14-bus test system without FACTS 
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Table 2 : Line flow base case λ* = 0, at λ* = 1.2236 without FACTS and λ* = 1.3956 with 

FACTS devices. 

Terminal Limit Base case λ* = 0 Without FACTS λ* = 1.2236 With FACTS λ* = 1.3956 

1-2/2-1 1.30 1.245/1.218 1.346/1.314 1.164/1.141 

1-5/5-1 1.30 0.627/0.607 0.716/0.689 1.208/1.137 

2-3/3-2 0.60 0.471/0.461 0.499/0.488 0.504/0.493 

2-4/4-2 0.60 0.477/0.464 0.577/0.558 0.533/0.517 

2-5/5-2 0.60 0.376/0.368 0.461/0.449 0.358/0.350 

3-4/4-3 0.30 0.002/0.000 0.069/0.066 0.015/0.013 

4-5/5-4 0.80 0.423/0.425 0.481/0.484 0.708/0.715 

4-7/7-4 0.56 0.363/0.363 0.431/0.431 0.463/0.463 

4-9/9-4 0.30 0.045/0.045 0.090/0.090 0.108/0.107 

5-6/6-5 0.80 0.474/0.474 0.561/0.561 0.666/0.666 

6-11/11-6 0.30 0.093/0.092 0.102/0.101 0.130/0.128 

6-12/12-6 0.30 0.080/0.079 0.097/0.095 0.114/0.112 

6-13/13-6 0.40 0.188/0.185 0.224/0.220 0.264/0.259 

7-8/8-7 0.30 0.000/0.000 0.000/0.000 0.000/0.000 

7-9/9-7 0.56 0.363/0.363 0.431/0.431 0.463/0.463 

9-10/10-9 0.30 0.032/.032 0.052/0.051 0.046/0.046 

9-14/14-9 0.30 0.081/0.080 0.108/0.106 0.113/0.111 

10-11/11-10 0.30 0.057/0.057 0.058/0.058 0.078/0.079 

12-13/13-12 0.30 0.018/0.018 0.021/0.021 0.027/0.027 

13-14/14-13 0.30 0.069/0.068 0.075/0.076 0.098/0.096 

From power flow of base case solution in Table 1 (column 2) and Table 2 (column 3) we 

can see that when (λ* = 0, ∑PDio = 2.59), the voltage at buses and the line flow are in voltage 

and line thermal limits. According to Table 2 and Fig 2 when FACTS is not placed, the 

loading factor λ can only be increased to (λ*.∑PDio = 3.1691) with λ* = 1.2236. At this load 

level, it was found that the line flow 1-2 (Table 2, column 4, bold font) and voltage at bus 

14 (Table 1, column 7, bold font) are violated line thermal and voltage limits. This impeded 

system loadability. 

From Fig 1 and Table 1 it can be seen that, Generator 1 is served by two transmission 

lines (1-2 and 1-5) with total capacity of 2.6pu. The two lines 1-2 and 1-5 are not equally 

loaded due to the difference in impedance and consequently line 1-2 is loaded to 103.53% 

of its capacity while line 1-5 is only loaded to 55.07% of its capacity.  

Table 3 : Eigenvalues of IEEE 14-bus 

 
 

 

Eigenvalue Bus Real part 

Eig # 1 4 64.2854 
Eig # 2 9 37.8971 

Eig # 3 6 27.6224 

Eig # 4 14 0.85401 
Eig # 5 12 4.1374 

Eig # 6 10 6.0554 

Eig # 7 7 21.07 

Eig # 8 11 10.4906 

Eig # 9 13 17.1122 

 Eig # 10 5 13.7579 
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Table 4 : Bus participation factor of eigevalue 4 

 

 

Table 5 : The minimum cut of IEEE 14-bus system 

 

 

Clearly the network cannot be operated in this way since security of the network is 

violated. The existing power networks can increase their loadability while still satisfying 

system security by placing SVC and TCSC at proper locations to provide reactive power, 

decrease the loading of line 1-2 and increased loading on neighborhood of the overloaded 

line. The neighborhood lines are the branches, which were part of a loop that was formed 

along with the overloaded lines. Therefore, the placement of TCSC and SVC on 

neighborhood of the overloaded line in the minimum cut and at bus, which has large 

participation factor respectively, is a method which rapidly rebalances the power, eliminate 

overload and improve loadability.  

From the calculated eigenvalues of Table 3 it can be observed that, the all eigenvalues 

are positive, indicating that the system is voltage stable and smallest eigenvalue is 

0.85401(Eig# 4). It can be observed that, from the calculation bus participation factors Pki 

of eigenvalue 4 (Eig # 4) in Table 4, the bus-6, bus-11 and bus-13 (bold font) are the buses 

that have large participation factor Pki, in which the largest participation factors is bus-6. 

This is the bus which can cause the voltage collapses of power system. 

Furthermore, from Table 5 it can be seen that branch 1-5 is branch in the minimum cut 

and is also neighborhood of the overloaded line 1-2. Therefore, in order to eliminate 

congestion, maintain bus voltage in security and enhance the loadability of power systems, 

the SVC and TCSC should be placed in bus-6 and branch 1-5. The value of control 

parameter of SVC and TCSC for computing is taken as 0.22745 and -0.08304pu 

respectively. 

 

 

Eigenvalue Bus Bus participation factors Pki 

 

 
 

 

Eig # 4 

4 0.00727 

5 0.00913 
6 0.17761 

7 0.02178 

9 0.06752 

10 0.09704 

11 0.14759 
12 0.11614 

13 0.15436 
14 0.14157 

Branch The branches in the minimum cut Lines is considered for placing TCSC  

1 1 – 2  overloaded line 

2 1 – 5 neighborhood line 
6 3 – 4  not neighborhood line 

4 2 – 4 not neighborhood line 

5 2 – 5 not neighborhood line 
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Fig. 3. Plot 3 voltages of bus-12, bus-13 and bus-14 for IEEE 14-bus test system with 

FACTS 

It can be observed from Table 1, Fig 3 that after optimal placement of TCSC and SVC, 

the loading factor λ has been improved from λ* = 1.2236 (λ* .∑PDio = 3.1691) to λ* = 1.3956 

(λ* .∑PDio = 3.6146). From Table 1 (column 10) and Table 2 (column 5) it can be observed 

that the voltage at buses is in voltage security and congestion has been relieved. In Table 6, 

the results of loadability when TCSC and SVC are placed on each location one at a time, is 

shown. The 4 best locations are depicted in this Table. It shows the location for TCSC and 

SVC to obtain the loadability and maintain system operating in security simultaneously. 

The best location for the placement of TCSC to achieve loadability is line 1-5, with λ* = 

1.2171 while SVC is at bus 6 with λ* = 1.2195. This Table is constructed for verification 

purpose using exhaustive search. The results in this Table shows that the branches in 

minimum cut and buses which have larger bus participation factors in the Table 5 and Table 

4 respectively, are the best locations for the placement of FACTS to achieve loadability. 

Clearly, the number of branch and bus which needs to be investigated to determine the 

location of TCSC and SVC has significantly reduced as shown in Table 4 and Table 5. 

 

Table 6 : Loading factor computed for different location of the TCSC and SVC 

 

 

 

Case λ* ,  ∑PD (pu) Location and size of TCSC Case λ* ,  ∑PD (pu) Location and size of SVC 

1 
λ* = 1.2171 

∑PD =5.7423 

Line 1-5 

XTCSC = -0.07304 
1 

λ* = 1.2195 

∑PD = 5.7486 

Bus 6 

QSVC = 0.12726 

2 
λ* = 0.9413 

∑PD=5.0282 

Line 2-4 

XTCSC = -0.08623 
2 

λ* = 1.1839 

∑PD = 5.6562 

Bus 13 

QSVC = 0.17614 

3 
λ* = 1.112 
∑PD = 5.47 

Line 2-5 
XTCSC = -0.07388 

3 
λ* = 1.1831 
∑PD = 5.6541 

Bus 11 
QSVC = 0.15296 

4 
λ* = 1.151 

∑PD =5.5711 

Line 3-4 

XTCSC = -0.06103 
4 

λ* = 1.1828 

∑PD = 5.6534 

Bus 14 

QSVC = 0.22065 
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4.2 The IEEE 30-bus system  
The data for the IEEE 30-bus system depicted in Fig. 4 is available in [7] 
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Fig. 4.The IEEE 30-bus test system 

 

Table 7: Line flow at λ* = 0.96141 without FACTS device and λ* = 1.2839 with FACTS 

device. 

Terminal Limit Without FACTS λ* = 0.96141 With FACTS λ* = 1.2839 

1-2/2-1 1.3 1.3056/1.3043 1.2829/1.2817 

1-3/3-1 1.3 0.61982/0.61912 1.2968/1.2934 

2-4/4-2 0.65 0.35289/0.35262 0.24658/0.24639 

3-4/4-3 1.3 0.59605/0.5959 1.2626/1.262 

2-5/5-2 1.3 0.65236/0.65135 0.80584/0.80445 

2-6/6-2 0.65 0.47501/0.4745 0.4642/0.46369 

4-6/6-4 0.9 0.6268/0.62663 1.0743/1.0739 

5-7/7-5 0.7 0.15816/0.15835 0.27662/0.27681 

6-7/7-6 1.3 0.37772/0.37755 0.5699/0.56954 

6-8/8-6 0.32 0.16542/0.16537 0.22388/0.22385 

6-9/9-6 0.65 0.22976/0.22976 0.30443/0.30443 

6-10/10-6 0.32 0.14326/0.14326 0.18958/0.18958 

9-11/11-9 0.65 0.04807/0.04807 0.0642/0.0642 

9-10/10-9 0.65 0.27783/0.27783 0.36863/0.36863 

4-12/12-4 0.65 0.24866/0.24866 0.33648/0.33648 

12-13/13-12 0.65 0.14205/0.14421 0.18947/0.19259 

12-14/14-12 0.32 0.06989/0.06927 0.09422/0.09306 

12-15/15-12 0.32 0.15522 /0.15347 0.20919/0.20589 

12-16/16-12 0.32 0.05792/0.05762 0.07874/0.07815 

14-15/15-14 0.16 0.00966/0.00964 0.01346/0.01342 

16-17/17-16 0.16 0.02397/0.02391 0.03321/0.03311 

15-18/18-15 0.16 0.05212/0.05181 0.07079/0.0702 

18-19/19-18 0.16 0.02104/0.02101 0.02911/0.02905 



D T Long et al: Optimal location of FACTS devices for congestion management ...  

 

 590

19-20/20-19 0.32 0.07032/0.07052 0.09292/0.09327 

10-20/20-10 0.32 0.09266/0.09168 0.12326/0.12152 

10-17/17-10 0.32 0.06288/0.06262 0.08286/0.08244 

10-21/21-10 0.32 0.14497/0.14409 0.19208/0.19051 

10-22/22-10 0.32 0.06481/0.06442 0.08555/0.08486 

21-22/22-21 0.32 0.02416 /0.02417 0.03418/0.0342 

15-23/23-15 0.16 0.03216/0.03205 0.04324/0.04303 

22-24/24-22 0.16 0.04025/0.03999 0.05066/0.05028 

23-24/24-23 0.16 0.00128/0.00127 0.00194/0.00193 

24-25/25-24 0.16 0.04238 /0.04326 0.0595/0.06138 

25-26/26-25 0.16 0.03406/0.03365 0.04568/0.04494 

25-27/27-25 0.16 0.07732/0.07859 0.10707/0.10962 

28-27/27-28 0.65 0.2061/0.2061 0.281/0.281 

27-29/29-27 0.16 0.05922/0.05845 0.07949/0.0782 

27-30/30-27 0.16 0.0683/0.06683 0.09188/0.0893 

29-30/30-29 0.16 0.03537/0.03508 0.04739/0.04679 

8-28/28-8 0.32 0.02116 /0.02115 0.03127/0.03126 

6-28/28-6 0.32 0.18498/0.18495 0.24979/0.24974 

 

Table 8 : The minimum cut of IEEE 30-bus system 

 
Table 9: Eigenvalues of IEEE 30-bus 

Eigenvalue Bus Real part 

Eig # 1 6 2759.612 

Eig # 2 4 1570.0561 

Eig # 3 7 555.1184 

Eig # 4 3 465.1325 

Eig # 5 17 251.4208 

Eig # 6 21 113.3264 
Eig # 7 10 59.7547 

Eig # 8 19 35.699 

Eig # 9 12 33.7151 
Eig # 10 15 22.3392 

Eig # 11 9 19.2638 

Eig # 12 22 18.4445 

Eig # 13 27 16.8046 

Eig # 14 24 13.5554 

Eig # 15 18 13.0628 

Eig # 16 30 0.56582 
Eig # 17 23 1.0424 

Eig # 18 26 1.7931 
Eig # 19 14 8.5133 

Eig # 20 25 7.7555 

Eig # 21 29 6.4176 

Eig # 22 16 5.4396 

Eig # 23 28 3.507 

Eig # 24 20 3.9022 

Branch The branches in the minimum cut Lines is considered for placing TCSC  

1 1 - 2 overloaded line 

2 1 - 3 neighborhood line 
3 5 - 7  not neighborhood line 

4 13- 12 not neighborhood line 

5 2 - 5 not neighborhood line 

6 2 - 6 not neighborhood line 
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Fig. 5. Plot 3 lowest voltages for IEEE 30-bus test system without FACTS 

Table 10 : Bus participation factor of eigenvalue 16 

 
 

Eigenvalue Bus Bus participation factors Pki 

 

 

 

 

 

 

 

 

 

 

 

Eig # 16 

3 0 

4 0 

6 0 

7 0 

9 0.00285 

10 0.01128 

12 0.0034 

14 0.00819 

15 0.01134 

16 0.00759 

17 0.01093 

18 0.01748 

19 0.01879 

20 0.0178 

21 0.01689 

22 0.01817 

23 0.02498 

24 0.04066 

25 0.10777 

26 0.18323 
27 0.09869 

28 1e-005 

29 0.19125 
30 0.20871 
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Table 11 : Loading factor computed for different location of the TCSC and SVC 

Case λ* ,  ∑PD (pu) 
Location and size of 

TCSC 
Case λ* ,  ∑PD (pu) 

Location and size of 

SVC 

1 
λ* = 1.11540 
∑PD = 5.9951 

Line 1-3 
XTCSC = -0.10 

1 
λ* = 0.91267 
∑PD =  5.4205 

Bus 30 
QSVC = 0.02196 

2 
λ* = 0.90344 

∑PD = 5.3944 

Line 5-7 

XTCSC = -0.08 
2 

λ* = 0.81923 

∑PD = 5.1557 

Bus 29 

QSVC = -0.00329 

3 
λ* = 0.90406 

∑PD = 5.3961 

Line 2-5 

XTCSC = -0.10 
3 

λ* = 0.81912 

∑PD = 5.1554 

Bus 26 

QSVC = 0.02706 

4 
λ* = 0.90305 

∑PD =5.3933 
Line 13-12XTCSC = -0.02 4 

λ* = 0.77686 

∑PD = 5.0356 

Bus 21 

QSVC = 0.12337 

5 
λ* = 0.90423 

∑PD =5.3966 

Line 2-6 

XTCSC = -0.09 
5 

λ* = 0.76518 

∑PD = 5.0025 

Bus 23 

QSVC = 0.12444 

1.5 2 2.5 3 3.5
0.5

0.6

0.7

0.8

0.9

1

1.1

Loading Parameter λ (p.u.)

 

 
V

Bus 26
V
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Fig. 6. Plot 3 voltages of bus-26, bus-29 and bus-30 for IEEE 30-bus test system with 

FACTS 

Tables 7–11 and Fig 4-6 shows the result for IEEE 30-bus test system.  From Table 7 

(column 3) and Fig. 7 it can be seen that system loadability is impeded by transmission 

congestion at line 1–2 and voltage at bus 30. From Table 8-10 it can be seen that, branch 1-

3 is branch in the minimum cut and is also neighborhood branch of the overloaded line 1-2, 

and the bus-30 is bus that has largest participation factor Pki. Therefore, in order to 

eliminate congestion, maintain bus voltage in security and enhance the loadability of power 

systems, the SVC and TCSC should be placed in bus-30 and branch 1-3. The value of 

control parameter of SVC and TCSC for computing is taken as 0.0219pu and -0.1pu 

respectively. The system loadability has improved in the status of the simultaneous 

installation SVC and TCSC devices as Fig. 6 and Table 7 (column 4). 

Table 11 is constructed for verification purpose, by placing TCSC and SVC on each line 

and each bus one at a time and running CPF. As shown in Table 11, line 1-3 and bus 30 are 

the best locations for TCSC and SVC installation to achieve loadability. Comparison of 

Tables 11, 8 and 10 shows that the locations based on proposed method captures the best 
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possible location (line 1-3 and bus 30) for placement of TCSC and SVC to obtain the 

loadability and maintain system operating in security simultaneously. 

Table 12 : System Loadability obtained by proposed method and [7, 16] algorithm in IEEE 

30-bus system 

FACTS 
devices 

Results obtained in proposed 
method 

Results reported in [7] Results reported in [16] 

 
System Loadability 

(%) 
N 

System 
Loadability (%) 

N 
System Loadability 

(%) 
N 

TCSC 111.5 1 138 8 136 2 

SVC 91.2 1 128 8 - - 

TCSC and 

SVC 
128.3 2 138 8 - - 

Table 13 : System Loadability obtained by proposed method and [7, 16] algorithm in IEEE 

118-bus system 

FACTS 

devices 

Results obtained in proposed 

method 
Results reported in [7] Results reported in [16] 

 
System Loadability 

(%) 
N 

System 

Loadability (%) 
N 

System Loadability 

(%) 
N 

TCSC 130.4 1 135 32 132 2 

SVC 89.8 1 118 32 - - 

TCSC and 

SVC 
115.2 2 136 32 - - 

The comparison of the results for IEEE 30, IEEE 118 bus system obtained by proposed 

method and Ref [7, 16] is shown in Table 12, Table 13. From the results, it is observed that 

the minimum number of FACTS devices required obtained by proposed method is less than 

the result obtained by Ref [7, 16] while System Loadbility is achieved nearly same value. 

  

5. Conclusion 

Transmission system loadability enhancement using FACTS is one of the most 

important issues in the electricity market operation. In which, determining optimal location 

of FACTS devices is a difficult problem if using conventional methods. Using eigenvalue 

structure analysis to find weak bus is on of effective methods for evaluating voltage 

collapses and proper location of SVC. However, it is not able to address transmission 

bottleneck. This is location that impeded system loadability. To solve this problem, the 

eigenvalue structure analysis combined with min-cut algorithm has been proposed in this 

paper for determining optimal location of SVC and TCSC. The proposed method has been 

analyzed in detail. It has been shown that, the branch bottleneck and weak bus are proper 

locations to install TCSC and SVC respectively.  
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