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Abstract— Optimal allocation of Var source involves optimal location
and determination of the size of the Var source. The purpose is to find
the right tradeoff between the investment cost of the new Var source and
the benefits in system operation derived from the presence of the
additional reactive compensators. Traditionally, the locations for placing
new Var sources were either simply estimated or directly assumed. This
paper categorizes the literature relevant to optimal allocation of shunt
dynamic Var source SVC and STATCOM, based on the voltage stability
analysis tools used. Those tools include static voltage stability analysis
ones such as P-V and V-Q curve analysis, continuation power flow
(CPF), optimization methods (OPF), modal analysis, saddle-node
bifurcation analysis, and dynamic voltage stability analysis ones such as
Hopf bifurcation analysis and time-domain simulation. Static voltage
stability analysis techniques are also used in dynamic Var planning. At
the end of the paper, the advantages of static and dynamic voltage
stability analysis tools are summarized.
Index Terms—reactive power planning (RPP), reactive power optimal
allocation, voltage stability analysis, CPF, modal analysis, OPF, SVC,
STATCOM

I. INTRODUCTION
Recently network blackouts related to voltage collapse tend
to occur from lack of reactive power support in heavily
stressed conditions, which are usually triggered by system
faults. Calvaer [1] stated that a system may undergo a voltage
collapse if it includes at least one voltage collapse bus.
Chebbo et al. [2] noted that the cause of the 1977 New York
blackout was proved to have been a reactive power problem,
and the 1987 Tokyo blackout was believed to have been due
to a reactive power shortage and a voltage collapse during a
summer peak load. However, reactive power has received
less attention recently until the Great Blackout in August
2003 in the northeastern US, which showed that reactive
power in US power systems was not very well planned and
managed [3]. Reactive power including its planning process
has received tremendous interest after the 2003 Blackout
from utilities, independent system operators (ISOs),
researchers, and the government.
Power electronics based equipment, or Flexible AC
Transmission Systems (FACTS), provide proven technical
solutions to voltage stability problems. Especially, due to the
increasing need for fast response for power quality and
voltage stability, the shunt dynamic Var compensators such
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as Static Var Compensators (SVC) and Static Synchronous
Compensators (STATCOM) have become feasible
alternatives to a fixed reactive source, and therefore have
received intensive interests. There are more than 50 SVCs
installed in the United States, ranging from 30 MVar to 650
MVar each [4]. STATCOMs are installed at several sites in
the United States, ranging between 30 MVar and 100 MVar
each [5]-[8].
FACTS make the application of a large amount of Var
compensation more efficient, flexible, and attractive.
Consequently, a series of questions have been raised
frequently by utility planners and manufacturers: where is the
right location and what is the right size for the installation of
reactive power compensators considering technical and
economic needs? Can the models, methods, and tools used for
static Var planning be applied in dynamic Var planning? The
answers to these questions are needed for utilities to make
better use of these new power electronic controlled Var
sources.
In order to answer the above questions, it should be stated
that optimal allocation of static and dynamic Var sources
belongs to the Reactive Power Planning (RPP) or Var
planning category. RPP deals with the decision on new Var
source location and size to cover normal, as well as,
contingency conditions. The planning process aims at
providing the system with efficient Var compensation to
enable the system to be operated under a correct balance
between security and economic concerns.
Essentially, RPP is a large-scale nonlinear optimization.
The solution techniques of Optimal Power Flow (OPF) have
evolved over many years, each with its particular
mathematical and computational characteristics [9]. The
majority of the techniques discussed in the literature of the
last 20 years use at least one of the following 3 categories of
methods.
• Conventional methods (Local optimum): A group of
methods such as Generalized Reduced Gradient (GRG),
Newton’s Approach, and Successive Quadratic
Programming (SQP) for NLP problem are often trapped
by a local optimal solution.
• Heuristic methods (Near-global optimum): In recent
years, the intelligent optimization techniques such as
Simulated Annealing (SA), Genetic Algorithms (GA),
and Tabu Search (TS) have received widespread
attention as possible techniques to get a global optimum
for RPP problem, but these methods are time consuming.
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• Sensitivity based methods: index, modal or eigenvalue
analysis.
This paper is organized as follows. Section II illustrates the
Voltage Stability Analysis (VSA) tools such as Continuous
Power Flow (CPF), modal analysis, and OPF. Section III
presents SVC planning literature review. Section IV presents
the STATCOM planning literature review. Section V
concludes the paper.

on the stability of the system for that operating point. Hence,
determining the location of this point is of practical
importance in power systems.
CPF was originally developed to determine bifurcation
points of Ordinary Differential Equations (ODE) systems,
and have been successfully applied to the computation of
collapse points in power systems [11][12][13]. CPF was first
developed to overcome the ill-conditioning near the critical
point, where the Jacobian matrix of the Newton-Raphson
method becomes singular.

II. VOLTAGE STABILITY ANALYSIS TOOLS
Voltage collapse studies, an integral part of VSA of power
systems, are of growing importance for the design and
operation of power systems. The main function of shunt
reactive power compensation is for voltage support to avoid
voltage collapse. Then, voltage stability is a very important
consideration when the location and size of new Var sources
need to be determined during Var planning. Many analytical
methodologies have been proposed and are currently used for
the study of this problem: static voltage stability analysis
tools such as P-V and V-Q curve analysis, Continuation
Power Flow, optimization methods, modal analysis, saddlenode bifurcation analysis, and dynamic voltage stability
analysis tools such as Hopf bifurcation analysis, time-domain
simulation. Static voltage stability analysis techniques are
also used in dynamic Var planning. All these techniques in
the literature will be explained in this section.

A. Static Voltage Stability Analysis Techniques
Static voltage stability analysis is concerned with two main
aspects:
• Determination of how far the system is operating from the
voltage collapse point using CPF based on bifurcation
theory, or OPF considering a given load increase pattern
and generator sharing scheme.
• Identification of buses or areas prone to voltage instability
problems by using modal analysis
1) Continuation Power Flow (CPF)
The Point of Collapse (PoC) is given by the nose point of
P-V or V-Q curve, where the voltage drops rapidly with an
increase in load demand as shown in Fig. 1. PoC is also
known as the equilibrium point, where the corresponding
Jacobian becomes singular, power flow solution fails to
converge beyond this limit, which is indicative of voltage
instability, and can be associated with a saddle-node
bifurcation point.
Of the different types of bifurcations, saddle-node
bifurcations are of particular interest in power systems,
because they have been shown as one of the primary causes
for “static” voltage collapse problems [10]. These instabilities
are usually local area voltage problems due to the lack of
reactive power, and hence by increasing the static voltage
stability margin (SM) defined as the distance between the
saddle-node-bifurcation point and the base case operating
point as shown in Fig. 1, one could expect an improvement
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2) Optimal Power Flow (OPF)
Most of the numerical tools such as continuation methods
used in voltage collapse studies are based on concepts and/or
techniques developed from bifurcation analysis of power
systems. More recently, however, new optimization-based
tools have been developed to study voltage collapse problems
in power systems. It is demonstrated in [14] that bifurcation
theory, is basically equivalent to some typical optimization
methodologies. A voltage collapse point computation
problem can be formulated as an optimization problem,
known as Total Transfer Capability (TTC).
It is obvious that there are similarities and strong ties
between tools developed for the computation of collapse
points from bifurcation theory and those based on
optimization techniques. Several computational methods
based on bifurcation theory have been shown to be efficient
tools for VSA; however, it is difficult to introduce operational
limits and computationally expensive to use continuation
method, especially for large systems with multiple limits.
Using optimization techniques for these types of studies
present several advantages, especially due to their limit
handling capabilities. Further extension has been made to
include the security (contingency) constraints in the OPF
model, which is known as SCOPF model.
The majority of the Var planning objective is to provide the
least cost of Var source with feasible voltage magnitudes as
constraints. The Optimal Power Flow (OPF) model fits the
need of Var planning naturally and can be written as follows:
Min
i∈Nc

[C0i + C1i × Qci ]× ri

subject to
Pgi − PLi − P (V , θ ) = 0 (active power balance)

Q gi + QCi − QLi − Q (V ,θ ) = 0 (reactive power balance)

LFk ≤ LFkmax (line flow limits)

2

Vi min ≤ Vi ≤ Vi max
min
gi

≤ Pgi ≤ P

min
gi

≤ Q gi ≤ Q

P

Q

max
gi
max
gi

(bus voltage limits)
(active power limits)

stability problems. However, time domain simulation is
usually combined with static voltage stability analysis tools
such as modal analysis in dynamic Var planning.

(reactive power limits)

Qcimin ≤ Qci ≤ Qcimax (Var source limits)

where C0i — the fixed Var source installation cost
C1i — the per unit Var source purchase cost
Qci — Var source installed at bus i
NC —set of possible Var source installment buses
ri — 1 if there is installation of reactive power source at
bus i, otherwise, it is zero
Pgi — generator active power output
PLi — load active power
Qgi — generator reactive power output
QLi — load reactive power
LFk — transmission line flow
Vi — bus voltage
3) Modal Analysis
Modal or eigenvalue analysis of the system Jacobian (J)
matrix of the system load flow equation, near the point of
voltage collapse, which is obtained at the point of maximum
power transfer capability of the system, can be used to
identify buses vulnerable to voltage collapse and locations
where injections of reactive power benefit the system most.
The participation of each load in the critical mode (near
PoC) determines the importance of the load in the collapse.
The degree of participation is determined from an inspection
of the entries of the left eigenvector of the critical mode. The
components of the left eigenvector can be interpreted as
indicating a direction normal to the operational boundary of
the system. Right eigenvector components indicate the degree
to which given variables are involved in a given mode. The
use of both left and right eigenvector information leads to the
notion of participation factors. The participation factors
indicate which generators should be motivated to inject more
active or reactive power into the system, and where the load
shedding would be more effective to increase the stability
margin.

B. Dynamic Voltage Stability Analysis Techniques
1) Hopf Bifurcation Point
Not all events of voltage collapse in power systems can be
associated to saddle-node bifurcations, as other bifurcations
have also been shown to induce collapse, such as Hopf
bifurcations which corresponds to dynamic voltage stability
[15]. Therefore, voltage instabilities directly related to Hopf
bifurcations have been categorized as dynamic voltage
collapse problems. The Hopf bifurcation occurs when the pair
of complex eigenvalues of Jacobian lies exactly on the
imaginary axis when the parameter is slowly varied.
2) Time-Domain Simulation
The conventional transient stability time domain simulation
programs have been greatly enhanced over recent years to
make them suitable for assessment of long-term and voltage

III. SVC PLANNING
A. Priority Based Algorithm
1) CPF and Modal Analysis
Traditional voltage stability analysis tools such as
continuation power flow (CPF) for PoC or modal analysis at
PoC to determine weak areas or buses are used in [16] for
SVC location. The SVC size is determined based on the need
to continuously meet the voltage stability margin requirement.
The speed with which the shunt device should operate is a
separate issue. The dynamic aspects of the voltage collapse
phenomenon cannot be properly analyzed by modal analysis
based on power flow static models.
CPF and modal analysis are also used to indicate the
candidate buses for voltage support in [17]. However, the
modal analysis is helpless regarding the minimum amount of
reactive support to solve the voltage collapse problem. As a
result, OPF is used to determine the MVar rating of the
reactive compensator, SVC is still described as voltage
independent Var source Qc like in static Var planning, but in
fact it is voltage dependent Var source.
The location of a SVC device is determined by the
participation factors from modal analysis and the use of
controllability indices of the most critical stability state in the
modal analysis in [18]. It evaluates the extended steady-state
voltage stability margins in electric power system due to
FACTS controller such as SVC and UPFC.
In [19], the dynamic voltage stability margin has been
considered as the distance between the Hopf bifurcation point
and the base case operating point, the static voltage stability
margin as shown if Fig. 1. SVC should be placed at a bus,
which produces maximum enhancement in both margins. The
saddle-node bifurcation points have been obtained by a
continuation power flow software package UWPFLOW. A
method has been proposed to combine the two margins in
[19], which computes static and dynamic participation factors
and thereafter, combined hybrid participation factors at
different buses. The bus with maximum value of the hybrid
participation factor for the intact system and critical
contingency cases has been selected as the candidate bus for
the SVC placement. This paper is one of the few papers
which consider not only static margin but dynamic margin.
2) Loss Sensitivity Index
The SVC has been considered from a static point of view to
reduce the total system real power transmission loss (PL) in
[28]. Loss sensitivity index is proposed as the sensitivity of
total transmission loss with respect to the control parameters
of SVC for their optimal placement. The bus with the most
negative loss sensitivity value is preferred to be the SVC
location. SVC has been considered as a reactive power
source with the following reactive power limits:
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QSVC = Vt(Vt - Vref)/Xsl
Qind = BindV2ref
Qcap = BcapV2ref
where Xsl is the equivalent slope reactance in p.u. equal to the
slope of voltage control characteristics, and Vt and Vref are the
node and the reference voltage magnitudes, respectively. QSVC
is valid as long as it is within inductive limits Qind and
capacitive limits Qcap set by available inductive and
capacitive susceptances (Bind and Bcap, respectively).
After deciding the optimal location of SVC, the
formulation of OPF to minimize real power losses as the
objective has been developed to determine the size. The same
methodology is used in [29], but the OPF objective
minimizes fuel cost. The method based on Loss Sensitivity
Index ignores the voltage stability limits, and only considers
the economical aspect.

B. Optimization Based Algorithm
1) Maximize voltage stability margin
From the viewpoint of optimal reactive reinforcement for
voltage stability, optimal SVC planning is evaluated in [20]
such that the reactive margin (Q-margin) of the study
configuration including critical modes is maximized by using
a hybrid method based on the simulated annealing (SA) and
Lagrange multiplier techniques. The system reactive margin
is defined as the maximum amount of extra reactive demand
that the system can supply, before it reaches a critical point
and encounters a voltage instability problem.
The optimal SVC planning is treated as a multi-objective
optimization in [21] for maximizing the system reactive
power margin, minimizing system real power losses and
voltage depressions at critical points. Fuzzy logic techniques
are applied to transform the multi-objective optimization
problem into a constrained problem with a single objective
function known as the fuzzy performance index. SVC is still
modeled as voltage independent Var source Qc.
2) Minimize Voltage Deviation
A two-stage Tabu Search (TS) is proposed in [22] for
determining the location and the output of SVCs devices to
reduce the voltage deviation in distribution system with DG.
The location is expressed as a discrete variable, and the rating
of SVC is a continuous one. SVC is treated as voltage
independent Var source Qc in the model. However, postcontingency state security and voltage stability margin are
ignored in this paper.
3) Minimize Cost
The objective of the optimal allocation of SVC in [23] is to
minimize the overall cost function, which includes the
investment costs of FACTS and the bid offers of the market
participants. The cost function of SVC is as follows [24]:
C(s)= 0.0003 s2 – 0.3051s + 127.38 (US$/kVar)
where C(s) is in US$/kVar and s is the operating range of the
FACTS devices in MVar. The proposed approach converts

the objective into minimizing the overall cost function
consisting of FACTS like SVC devices investment cost and
fuel cost in [25]. Genetic Algorithm (GA) is used in both
papers [23] [25]; however, post-contingency state security
and voltage stability margin are still ignored.
The location of SVC for reactive compensation is chosen
according to reactive marginal cost criterion in [26], whose
value can be obtained from the OPF solution corresponding
to the Lagrange multiplier of the reactive power constraint.
The objective is the $ improvement due to the reduction of
the fuel cost in this paper. Thus, for each bus in the system,
there will be a corresponding reactive marginal cost. The bus
with the highest reactive marginal cost will be chosen as the
SVC location.
In most of the work, the placement of FACTS controllers
has been considered for the intact system normal operating
state. Very limited efforts have been made to study the impact
of these controllers and their placement under contingencies.
Therefore, if contingency and voltage stability are considered,
it may be a considerable improvement in this field.
In [27], the objective is to minimize the sum of the new
FACTS investment costs such as F= (C0 + C1Qc) x, corrective
control cost such as fast load shedding cost, and preventive
control cost to improve the voltage stability margin in all
predefined contingencies. Meanwhile, the bus voltage profile
and voltage stability margin are kept within specified limits in
normal and the corresponding contingency states. Two sets of
constraints including normal condition constraints and critical
mode constraints are formulated in the OPF. The problem is
formulated as a large-scale Mixed Integer Nonlinear
Programming (MINLP), which is solved by a two level
hybrid GA/SLP method. However, the shunt FACTS model
is still a voltage independent Var source Qc in the OPF.

IV. STATCOM PLANNING
A. CPF and Modal Analysis
The main goal of the voltage stability study in [30] is to
keep the static voltage Stability Margin (SM) based on active
power (P-margin) greater than at least 5% at N-1 contingency
states, usually such a margin is treated as a safe one, which is
defined as:
Pi critical − Pi normal
i
SM = i
Pi normal
i

where Pi

normal

and Pi

critical

are the MW loads of load bus i at

normal operating state B and the voltage collapse critical state
(PoC) A as shown in Fig. 1, respectively. This means that
after a single branch outage, the power system can afford 5%
active load increment without voltage collapse occurring. For
this purpose, the software package Interactive Power Flow
Program (IPFLOW) is the main tool for steady state
calculation, and then the Voltage Stability Analysis Program
(VSTAB) by EPRI for PoC calculation and modal analysis is
used to determine the best location for installing STATCOM
as remedial measures against voltage collapse. VSTAB is
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also for contingency assessment to ensure the rating of
STATCOM is enough to keep the 5% stability margin.
The optimal location of some FACTS devices including
STATCOM in [31] is determined from the viewpoint of
increasing the loadability margin of a power system by
applying continuation power flow tool. Power System
Analysis Toolbox (PSAT) software with power flow and
continuation power flow functions is applied to calculate and
compare the P-V curves with and without FACTS device. A
detailed STATCOM power injection model is proposed to
use in the continuation power flow as shown in Fig. 2. In the
several buses with the same minimum loadability margin, the
one with the weakest voltage profile is chosen as the
STATCOM location. However, no contingency cases are
involved in the analysis.
So far no work has been reported in open literature for the
optimal location of STATCOM considering the effects on
economical cost and voltage stability margin under both
normal and contingency circumstances.
V/

initial value; transient voltage less than 80% of its initial
value; and oscillations remaining for more than 20 cycles.
First, critical contingencies that result in voltage unstable
condition are identified by the sign of the eigenvalues
computed in modal analysis. Secondly, time-domain
simulation is performed to test all critical contingencies and
identify the types of criteria violations for each critical
contingency. By comparing the results from both modal
analysis and dynamic analysis, a good correlation between
the two techniques is found: buses with high participation
factors in modal analysis are the same that have violations to
the voltage stability criteria in dynamic analysis. Thirdly, the
candidate locations of FACTS controllers are selected by
combining the bus participation factor from modal analysis
and the number of violations from the dynamic analysis.
However, this testing method to decide the final size and
location ignores the economic analysis. As a result, it is not
accurately based on the maximum benefit.
In [34], the results for voltage stability analysis from the
dynamic analysis using time domain simulations and the
static analysis using modal analysis are compared, which are
shown to be consistent in indicating system voltage stability.

V. CONCLUSIONS
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+

kVdc/
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+
V dc

-

C

Rc

Fig. 2. STATCOM power injection model

B. Time Domain Simulation vs. Static Voltage Stability MW
Margin
Reference [32] focuses on a STATCOM as a dynamic Var
source providing voltage support in a power system. Both
static voltage stability margins based on P-V curve and timedomain dynamic simulation are carried out and compared to
verify the agreement between the two study methods. Even
though one method is static analysis and the other is dynamic
analysis, the two different methods lead to the same result.
For example, voltage collapse in time-domain simulation
reflects on P-V curve as the operating point out of the range
of maximum load capability.

C. Time Domain Simulation vs. Modal Analysis
Modal analysis and time-domain simulation are used to
determine the best location for the STATCOM controllers in
[33]. Three violations for voltage stability criteria are defined
in this paper, which are recovery voltage less than 90% of its

Voltage stability is indeed a dynamic phenomenon and
may be studied using a set of differential and algebraic
equations. However the static approach is shown to have a
number of practical advantages over the dynamic approach,
which make the static approach more attractive.
• It requires only small modifications of a standard load
flow program, so it is computationally less intensive.
• The P-V curves can cover a wide range of system
operating conditions, whereas the time-domain
simulations are for only one operating point. As a result,
time-domain simulation usually requires a large number
of study cases at different system operating conditions
and contingencies.
• The P-V curves can provide much more information on
the relationship between system and control parameters
and voltage stability. An index value “voltage stability
margin” is effectively used to illustrate the impact on the
voltage stability for changing system parameters and Var
source size parameters. Time-domain simulation can tell
us the voltage profile of every bus, but can not
demonstrate how far away to the voltage collapse point
from the present operating point.
• Modal analysis can clearly indicate whether the system is
stable or not at the given operating mode. In addition, the
participation factors clearly define areas prone to voltage
instability and indicate elements which are important to
improve the system voltage stability most effectively.
Advantage of dynamic analysis is as follows:
• Time-domain simulation can clearly show the transient
process and how long it will take to transfer to another
stable operating point, which would not be illustrated in
the P-V curve. The static voltage stability margin in the
P-V curve can not guarantee transient stability.
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• It is necessary to use dynamic analysis when to decide
how fast the Var source needs to respond to the
contingencies, thereafter, to decide the type of Var
source such as dynamic Var source or static Var source.
The response of system voltage to a disturbance and
system behavior during a voltage collapse situation can be
considered as dynamic power system phenomena. However
as far as reactive long term planning is concerned, a steadystate analysis has been shown to be generally adequate for
providing an indicator of the margin from current operating
point to voltage collapse point and for determining the
location and MVar rating of any necessary reactive power
source. Although dynamic analysis is separately used to
design the controls for system reactive support, the
advantages of the above static analysis make it suitable for
the Var planning under a large number of conditions. In the
end, the technologies in the literature of SVC and STATCOM
planning are summarized in Table1. It should be noted that
some methods that are originally designed for one
compensator may be applied to the other with slight
modification due to the similarity of SVC and STATCOM. If
detailed models of SVC or STATCOM are desired, the
specific features of the compensators need to be incorporated
in the Var planning method, as shown in some previous
works.
Table 1. Dynamic Var source planning technology.
Technology
SVC(12)
STATCOM(4)
CPF+ Modal analysis (no CA)
[16][17][18]
[30] IPFLOW,
VSTAB
CPF+ P-V curve (no CA)
[31] PSAT
P-V curve + time-domain dynamic
[32]
simulation (CA)
Modal analysis+ time-domain
[33]
dynamic simulation (CA)
Saddle-node &Hopf bifurcation (CA) [19]
Loss sensitivity index (no CA)
[28][29]
Max Q-margin (NLP)(SA)(no CA)
[20][21]
Min voltage deviation
[22]
(NLP)(TA)( no CA)
Min Var cost and bid offers (SA)( no [23]
CA)
Min Var cost and fuel cost (SA)( no [25] [26]
CA)
[27]
Min Var cost+ load shedding cost+
preventive control cost
(MINLP)( GA/SLP)(CA)
(P-margin)
Note: CA- contingency analysis
IPFLOW, VSTAB- software package for voltage stability analysis
PSAT - Power System Analysis Toolbox software
NLP – Nonlinear Programming
MINLP – Mixed Integer Nonlinear Programming
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