
Voltage Stability Enhancement in Contingency 
Conditions Using Shunt FACTS Devices

Maysam Ja'fari *, Saeed Afsharnia *
* Electrical and Computer Engineering Faculty, Tehran University, Tehran, Iran , m.jaefarin@ece.ut.ac.ir

* Electrical and Computer Engineering Faculty, Tehran University, Tehran, Iran , safshar@ut.ac.ir

Abstract— this paper investigates the application of 
FACTS devices to extend voltage stability margin in electric 
power systems. Most of methods proposed for allocation of 
FACTS devices consider only the normal state of network. 
Nevertheless, voltage collapses usually initiated by a single 
contingency.  Therefore, in this paper a strategy for location 
of FACTS devices based on contingency studies is proposed. 
Using modal analysis, a probabilistic index is defined which 
can be used to rank of system buses based on their effect on 
system voltage stability enhancement under all possible 
contingencies. It is shown that this method leads to a 
uniform reactive power supply in the system. Consequently, 
it will be effective in more contingency conditions. The IEEE 
14-bus test system is used to demonstrate the proposed 
approach of placing shunt FACTS devices. The obtained 
results show that allocation of FACTS devices using the 
proposed approach improves the system voltage stability 
under contingency conditions with smaller size of FACTS to 
be installed compared to other methods.

Keywords— FACTS, Voltage Stability, Contingency, 
Modal analysis

I. INTRODUCTION

Voltage stability is increasingly becoming a limiting 
factor in the planning and operation of many power 
systems [1, 2]. With increasing system loading and open 
transmission access, power systems are more vulnerable 
to voltage instability. Together with ever-present 
disturbances, this may result in a serious consequence of a 
voltage collapse as shown by a number of major incidents 
throughout the world [1, 2].

Voltage collapse tends to occur from lack of reactive-
power support in heavily stressed conditions, which are 
usually triggered by system faults. Therefore, this 
phenomenon is closely related to a reactive-power 
planning problem including contingency analyses, where 
suitable conditions of reactive-power reserves are 
analyzed for secure operations of power systems under 
normal states as well as contingency conditions [3]. 
Conventional reactive power control can be used to 
provide steady state voltage control and enhance power 
system voltage stability. These devices, however, are 
based on electro-mechanical mechanisms thus preventing 
high speed and flexible control. Moreover, extensive use 
of these devices may cause some of the voltage control 
problems found today as pointed out by several 
investigations [4, 5]. 

Flexible ac transmission system (FACTS) controllers, 
on the other hand, are being increasingly used to provide 
voltage and power flow control in many utilities. Their 
application to improve voltage stability margin in highly 
developed networks is demonstrated [6, 7]. Application of 
FACTS devices is a very effective solution to prevent 
voltage instability and voltage collapse due to their fast 
and very flexible control. Nevertheless, the damping effect 
of FACTS devices is known to be strongly influenced by 
their location [8]. Therefore, optimal location of FACTS 
is a very important issue and several methods [9-11] are 
proposed for it.

One of the shortcomings of those methods is that they 
only consider the normal state of system. However, 
voltage collapses are mostly initiated by a disturbance 
(e.g. the outage of a line or a generation unit). So, to locate 
FACTS devices, consideration of contingency conditions 
is more important than consideration of normal state of 
system and some approaches are proposed to locate of 
FACTS devices with consideration of contingencies, too
[3, 12, 13].

Ref. [12] determines the location of FACTS devices 
based on the most dangerous contingency. The severity of 
a contingency is defined as the amount of overloading of 
lines. In [13], the security index defined for ranking of 
contingencies is based on the number of low voltage buses 
and overloaded lines as well as their severity. 
Nevertheless, these methods do not consider the 
likelihood of the contingencies occurring. It seems that 
consideration of high probability contingencies with more 
importance is more reasonable.

Ref. [4] proposes a comprehensive formulation for 
reactive power planning problem including the allocation 
of FACTS devices, which directly takes into account the 
expected cost for voltage collapse and corrective controls 
such as load shedding in contingencies together with the 
control effects by the devices to be installed. The inclusion 
of load shedding and voltage collapse costs into the 
formulation guarantees the feasibility of the problem but 
represents a computational burden to the optimization 
problem which is very complicated and time consuming 
for a real system with a large number of buses. 

This paper investigates the application of shunts 
FACTS controllers to improve the voltage stability of 
power system in contingency conditions. To determine the 
most effective location of FACTS devices a new 
formulation is proposed based on modal analysis and 
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determination of bus participation factors. The objective in 
this approach is to find the buses that have the most effect 
on voltage instability. A probabilistic index is defined 
which considers the participation of each bus to voltage 
instability as well as the vicinity of system to instability 
and the probability of the occurrence of each contingency. 
Buses are then ranked by their corresponding index 
values. This ranking represents the best location for one 
shunt FACTS controller.

In this paper, section II discusses the contingency 
impact on voltage instability. Section III describes the 
modal analysis which is the mathematical tool needed to 
identify critical buses prone to voltage instability. In 
section IV, the proposed approach is presented and in 
section V, an example system is used to demonstrate the 
proposed approach. Finally, section VI presents the main 
conclusion of the paper.

II. VOLTAGE  INSTABILITY

Voltage collapse is a process in which, the appearance 
of sequential events together with the voltage instability in 
a large area of system can lead to the case of unacceptable 
low voltage condition in the network, if no preventive 
action is committed. Occurrence of a disturbance or load 
increasing can leads to excessive demand of reactive 
power. Therefore, system will show voltage instability. If 
additional resources provide sufficient reactive power 
support, the system will be established in a stable voltage 
level. However, sometimes there are not sufficient 
reactive power resources and the excessive demand of 
reactive power can leads to voltage collapse [4].

Voltage collapse can be initiated due to small changes 
of system condition (e.g. Load increasing) as well as large 
disturbances (e.g. line outage or generation unit outage). 
Under these conditions, shunt FACTS devices such as
SVC and STATCOM can improve the system security 
with fast and controlled injection of reactive power to the 
system. However, when the voltage collapse is due to 
excessive load increasing, FACTS devices cannot prevent 
the voltage collapse and only postpone it until they reach 
to their maximum limits [14]. Under these situations, the 
only way to preventing the voltage collapse is load 
curtailment or load shedding. So, reactive power control 
using FACTS devices is more effective in large 
disturbances, and contingencies should be considered in 
voltage stability analysis. Therefore, in this paper we 
focus on contingencies. Nevertheless, the defined index to 
ranking buses could be utilized with consideration of 
normal state of system and load increasing.

III. MODAL ANALYSIS

Voltage collapse is a dynamic phenomenon with rather 
slow dynamics and a time domain ranging from a few 
seconds to some minutes, or more. Owing to its quasi-
static character, it has mostly been static methods that 
were proposed for its analysis [13]. Modal analysis is the 
most effective static method. It involves the computation 

of critical eigenvalue of the reduced power system steady 
state Jacobian matrix and the associated participation 
factors, which show how close the current operating point 
of power system is to the voltage collapse point.

Using the reduced Jacobian matrix, the voltage
magnitude and the incremental change in bus reactive 
injection can be examined. Due to high dependency of 
voltage magnitudes and reactive power injections, at each 
operating point, we can keep the real power (P) constant 
and voltage stability can be evaluated by considering the 
incremental relationship between reactive power (Q) and 
voltage magnitude (V). The effect of changes in system 
conditions is taken into account by studying the 
incremental relationship between (Q) and (V) in different 
operating conditions.

As the power flow method is implemented for voltage 
stability analysis, the Jacobian matrix of solved load flow 
equations, by Newton-Raphson method, can be used. The 
linearized steady-state system voltage equations are 
expressed as: 
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where P∆ , Q∆ , θ∆  and V∆ are incremental changes in 
bus real power, reactive power, voltage angle and voltage 
magnitude respectively.

To express the relation between Q∆ and V∆ for a small 
change in real power, ∆P =0 can be assumed. This yield:

VJJJJQ PVPQQV ∆⋅⋅⋅−=∆ − )( 1
θθ (2) 

Rearrange (2), then

QJV R ∆=∆ −1 (3) 

where,

)( 1
PVPQQVR JJJJJ ⋅⋅−= −

θθ    (4) 

RJ is called the reduced Jacobian matrix of the system. It 
relates the bus voltage magnitude and reactive power 
injection. Let

ηξΛ=RJ        (5) 

where ξ ,η and Λ are right eigenvector, left eigenvector 
and diagonal eigenvalue matrix of RJ  respectively.
From (3) and (5) 

QV ∆Λ=∆ − ηξ 1 (6) 

and

qv 1−Λ= (7) 

where VV ∆=η is the vector of modal voltage variations 
and Qq ∆=η is the vector of modal reactive power 
variations, and
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ηξ =−1 (8) 

Equation (7) represents uncoupled first order equations. 
Thus for the ith mode:

i
i

i qv
σ
1

= (9) 

The eigenvalues of the reduced Jacobian matrix identify 
different modes through which the voltage of system 
could become unstable. The magnitude of the eigenvalues 
provides a relative measure of the proximity to instability. 
If 0>iσ , the ith modal voltage and the ith modal reactive 
power variation are along with the same direction, 
indicating that the system is voltage stable. If 0<iσ , the 
ith modal voltage and the ith modal reactive power 
variation are along with the opposite directions, indicating 
that the system is voltage unstable. In this sense, the 
magnitude of iσ  determines the degree of stability of the 
ith modal voltage. The smaller the magnitude of 
positive iσ , the closer ith modal voltage is to being 
unstable [4].

Using modal analysis, we can determine the effect or 
participation of system buses in voltage instability and 
critical modes near the point of collapse. Relative 
participation of kth bus to ith mode is expressed by bus 
participation factor as follow:

ikkikiP ηξ= (10)

where kiξ and ikη are kth element of the right and left 
eigenvectors corresponding to ith eigenvalue of RJ
respectively.
Bus participation factors represent the area corresponding 
to each mode. The larger the magnitude of kiP , the kth bus 
is more effective in stabilization of ith mode. Therefore, it 
is possible to determine buses that provide the most 
effective corrective controls to improve voltage stability. 
Note that a large disturbance such as the loss of 
transmission or generation equipment can be modeled by 
a discrete change in the system equations or parameters. 
For example, the loss of a transmission line can be 
modeled by removing the line from the system load flow 
equations.

IV. PROPOSED METHOD FOR  LOCATING FACTS DEVICES

As mentioned previously, voltage collapse is usually 
initiated by disturbances in a system vulnerable to voltage 
instability. Voltage instability could be recognized by 
modal analysis of power system steady state Jacobian 
matrix under contingency condition. If the smallest 
eigenvalues of reduced Jacobian matrix are negative or 
very close to zero, then voltage instability is possible. 
Under these conditions, it is necessary to increase the 
magnitude of critical modes until the system security is 
ensured and voltage stability is achieved. This can be done 
via corrective operations such as providing reactive power 
support with FACTS devices.

Voltage instability is due to critical modes of reduced 
Jacobian matrix. Therefore, in our proposed method the 
objective is to determine system buses that have the most 
effect on the critical modes. Critical modes are determined 
based on modal analysis of system reduced Jacobian 
matrix under contingency conditions and the effectiveness 
of buses on these critical modes is recognized by their 
participation factors. 

In the proposed method, for each contingency we 
define a probabilistic index using (11) which evaluates the 
relative participation of each bus in voltage instability 
caused by all of the critical eigenvalues corresponding to 
that contingency: 
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iPCM : contribution of  bus i to voltage instability caused 
by critical modes under kth contingency state;
)(kPoutage :likelihood of kth contingency occurring 
corresponding to outage of line k; 

m : number of critical eigenvalues in kth contingency;
ijP :      participation factor of bus i to critical eigenvalue j; 

jσ :       critical eigenvalue j;

We make the convention that the term critical mode is 
used to identify all eigenvalues whose magnitudes are 
smaller than a prescribed critical value (σcritical). The 
critical value is determined based on the bus voltage 
magnitudes profile in the system. 

The probabilistic index defined by (11) represents the 
relative contribution of each bus to critical modes of kth 
contingency condition. Then, we calculate the total 
participation in all critical modes (TPCM) for each bus 
considering all possible contingencies by following 
equation:
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(12)

where TPCMi is the total participation of bus i in all 
critical modes under all possible contingencies and L is 
the number of possible contingencies. 
For calculation of TPCM the outage of all lines is 
considered. If system has critical modes in normal state 
(i.e. without any outage) due to special operating 
conditions, then this condition could be included in (12) 
with consideration of corresponding probability.
TPCM demonstrates the relative contribution of each bus 
to system voltage instability under all possible system 
states. According to (12) , the larger the magnitude of bus 
participation factor in critical modes, that bus is more 
effective in voltage instability. On the other hand, the 
smaller the magnitude of positive σ j, that mode is more 
critical. In addition, bus contributions to voltage instability 
under contingencies are weighted by the likelihood of 
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contingencies occurring. Consequently, contingencies 
with higher probability will be more important in locating 
FACTS devices.
TPCM values are calculated for every bus using (12). 
Buses are then ranked by their corresponding TPCM 
values. In general, the larger value a bus has the more 
effective it will be. The bus with the largest TPCM is 
considered as the best location for one shunt FACTS 
device, Because according to definition of TPCM, that bus 
is more effective in more probable contingencies (i.e. 
larger Poutage(k)) or is more effective in more critical 
modes (i.e. smaller jσ  ).

For a large-scale power system, more than one FACTS 
device may have to be installed in order to achieve the 
desired performance. However, budgetary constraints 
force the utilities to limit the number of FACTS devices to 
be placed in a given system. Given such a limit on the 
total number of FACTS devices to be installed in a power 
system, the location of the next controllers can be 
determined according to the ranking of buses in an 
iterative approach. At each step, one FACTS device is 
installed at the bus with the largest TPCM value. Note that 
installation of a controller in the determined location 
mitigates the critical modes caused by that bus and other 
buses close to it. Therefore, the ranking of buses after the 
next iteration does not necessarily match the previous one. 
The flowchart of Fig. 1 demonstrates the proposed 
strategy of FACTS devices locating.

V. CASE STUDY

In this section, the IEEE 14- bus test system shown in 
Fig. 2 is used to demonstrate the proposed approach of 
placing FACTS in a power system. The load and 
generation of the system is scaled by the factor of 0.95. 

Performing load flow for the normal state of the system, 
the smallest eigenvalue of the reduced Jacobian matrix is 
determined as 71.2min =σ . With the assumption of 

1=criticalσ , the calculated eigenvalue is not critical. 
Then, contingency analyses corresponding to line outages 
are performed. In this simulation, the failure probability of 
all lines is assumed equal to 0.02. In each contingency 
state, the eigenvalues of reduced Jacobian matrix are 
calculated. The three smallest eigenvalues of each state 
are shown in table 1 where the critical eigenvalues are 
specified by colored cells. One can see that critical 
eigenvalues exist only in two contingencies corresponding 
to the outage of lines 1 and 10. Bus participation factors 
associated with the critical eigenvalues are calculated 
using modal analysis. The result is shown in table 6 in the 
appendix. The TPCM value of buses is shown in table 2
which is calculated using (12). According to table 2, bus 
12 has the largest TPCM. Therefore, it is chosen as the 
best location to place first FACTS device. 

Installation of a shunt FACTS controller (e.g. a 
STATCOM) at bus 12, changes it to a PV bus. The 

voltage of this bus is constant until the shunt FACTS 
device reaches its reactive power limit. We set the voltage 
of this bus at 1.05 pu. The sufficient capacity to keep the 
voltage of bus 12 constant under all contingencies is 8
MVAr. After installing STATCOM at bus 12, we 
performed the contingency analysis again. Tables 3 and 4
present the results. According to table 3, one can see that 
the smallest eigenvalue in each contingency condition is 
increased considerably. However, the outage of line 1 still 
causes an eigenvalue smaller than the critical value, 
because we install the FACTS controller at a bus that is 
far from this line. When this line is out of circuit, injection 
of reactive power to bus 12 can not influence considerably 
the reactive losses caused by the overload of line 2. 

 
Fig. 1 flowchart of the proposed method
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Fig. 2 IEEE 14-bus power system

TABLE 1
THE THREE SMALLEST EIGENVALUES FOR DIFFERENT CONTINGENCIES

3minσ2minσ1minσcontingency

3.3502.50760.12021 line (1-2 ) 
7.66235.52532.63342 line (1-5 ) 
5.59684.14222.51393 line (2-3 ) 
7.65995.53182.63894 line (2-4 ) 
7.66895.54682.67665 line (2-5 ) 
7.67845.54532.65016 line (3-4 ) 
7.65135.52632.61937 line (4-5 ) 
7.66895.50832.46718 line (4-7 ) 
7.66895.52672.43509 line (4-9 ) 
6.21994.0000.462710 line (5-6 ) 
7.00034.54841.376411 line (6-11 )
6.82933.42312.274712 line (6-12 )
7.34553.77271.637413 line (6-13 )
14.34176.56112.017214 line (7-8 ) 
7.60905.44791.733115 line (7-9 ) 
9.32843.06521.946516 line (9-10 )
6.80173.04711.969317 line (9-14 )
5.59915.32882.176518 line (10-11 )
5.98224.12352.671119 line (12-13 )
5.65785.43821.782020 line (13-14 )

TABLE 2
TPCM VALUES OF BUSES

TPCMBus 
No.TPCMBus 

No.

0.0119801
0.016690.00902
0.0183100.00963
0.0207110.01014
0.0242120.00925
0.0235130.02166
0.0212140.01347

TABLE 3
THE SMALLEST EIGENVALUE ASSOCIATED WITH CONTINGENCIES AFTER 

INSTALLATION OF STATCOM AT BUS 12

minλcontingencyminλcontingency

2.7971Normal State
1.390611  line ( 6 - 11 )0.59871 line (1 - 2 )
2.810112  line ( 6 - 12 )2.71092 line ( 1 - 5 )
2.406213  line ( 6 - 13 )2.57553 line ( 2 - 3 )
2.062614 line ( 7 - 8 )2.71714 line ( 2 - 4 )
1.780615 line ( 7 - 9 )2.75765 line ( 2 - 5 )
1.946516 line ( 9 - 10 )2.72906 line ( 3 - 4 )
2.162317 line ( 9 - 14 )2.69707 line ( 4 - 5 )
2.232418 line( 10 - 11 )2.53548 line ( 4 - 7 )
2.671219 line ( 12 - 13 )2.50449 line ( 4 - 9 )
1.782020  line ( 13 - 14 )1.879810  line ( 5 - 6 )

TABLE 4
TPCM VALUES OF BUSES

TPCMBus No.TPCMBus No.

0.0043801
0.003990.00262
0.0037100.00293
0.0025110.00274

0120.00225
0.0008130.00106
0.0028140.00407

Depending upon the available budget, the placement of 
FACTS device can proceed by following the new ranked 
list of table 4, where bus 8 as a PV bus will be the second 
choice. This means that we need to increase the capacity 
of reactive power generation at this bus. however, we can
keep the reactive power capacity of this bus constant and 
install the FACTS device in the next top bus, which is bus 
7. To keep the voltage of buses 7 and 12 constant under all 
contingencies, we need to install FACTS devices with the 
capacity of 20 MVAr and 11 MVAr at these buses , 
respectively. After installing the second FACTS device, 
all eigenvalues are increased and the critical eigenvalues 
are disappeared. Table 5 presents the smallest eigenvalue 
in each system state. Now, there is no critical eigenvalue 
and therefore, TPCM value for all buses is zero. 

Comparison of the result obtained here with those of 
[3], shows the same improvement of system voltage 
stability in contingency conditions as well as normal state. 
Nevertheless, it needs a smaller size of FACTS devices to 
be installed. In addition, the proposed method has less 
time consuming calculations. In [3], the optimal SVC 
allocations are 0.19, 0.25, and 0.25 pu at buses 10, 13, and 
14, respectively and these reactive power are fully used 
for the outage of line 1. On the other hand, the optimal 
FACTS devices allocations obtained by the proposed 
method are 0.2, and 0.11 pu at buses 7, and 12, 
respectively. Therefore, the number of STATCOMs to be 
installed is decreased as well as their reactive power 
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capacity. The reason is that the allocated FACTS devices 
proposed by [3] are applied only in one area of the 
network (i.e. at three close buses). This causes a non-
uniform reactive power supply in the network. However, 
the method proposed in this paper, allocates FACTS 
devices in two separated areas of the network that leads to 
a more uniform reactive power supply in the system. 
Consequently, it will be effective in more contingency 
conditions correspond to the outage of lines.

TABLE 5
THE SMALLEST EIGENVALUE ASSOCIATED WITH CONTINGENCIES AFTER 

INSTALLATION OF STATCOM AT BUS 7

minλcontingencyminλcontingency

3.8519Normal State
1.954011  line (6 - 11 )2.09771 line (1 - 2 ) 
3.872412  line (6 - 12 )2.76682 line (1 - 5 ) 
3.134513  line (6 - 13 )3.75133 line (2 - 3 ) 
3.852014  line (7 - 8 )  3.83934 line (2 - 4 ) 
1.783515  line (7 - 9 )  3.84665 line (2 - 5 ) 
1.946516  line (9 - 10 )3.84526 line (3 - 4 ) 
2.162017  line (9 - 14 )3.83487 line (4 - 5 ) 
3.505618  line (10 - 11 )3.83528 line (4 - 7 ) 
3.614019  line (12 - 13 )3.59579 line (4 - 9 ) 
2.424620  line (13 - 14 )2.520310  line (5 - 6 ) 

VI. CONCLUSION

Application of FACTS devices can improve 
considerably the system voltage stability and prevent 
voltage collapse. Nevertheless, location of FACTS 
devices strongly influences their damping effect.
Therefore, optimal location of FACTS is a very important 
issue. In this paper, we investigated the application of 
FACTS devices to extend voltage stability margin in 
contingency conditions. A probabilistic index based on 
modal analysis and calculation of bus participation factors 
was defined which can be used to rank of system buses 
based on their effect on system voltage stability 
enhancement under all possible contingencies. The 
proposed method selects the most effective bus to voltage 
instability as the best place for installing FACTS. Results 
obtained from simulations show that the proposed method 
could allocate FACTS devices with a simple and 
straightforward approach in order to improve system 
voltage stability with consideration of contingency 
conditions. 
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APPENDIX

TABLE 6
BUS PARTICIPATION FACTORS IN CRITICAL CONTINGENCY CONDITIONS

10  line(5-6)1 line(1-2) Contingency
Bus

00.05442
00.05773

0.00170.06034
0.00080.05505
0.18670.08166
0.01330.07737

00.07168
0.04860.08749
0.07570.090510
0.13730.089011
0.21720.089312
0.19710.090013
0.12170.096114
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