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

Index Terms—reactive power planning (RPP), reactive power opthal
allocation, voltage stability analysis, CPF, modahnalysis, OPF, SVC,
STATCOM

. INTRODUCTION

Recently network blackouts related to voltage gaéatend
to occur from lack of reactive power support in \ilga
stressed conditions, which are usually triggeredshpstem
faults. Calvaer [1] stated that a system may uralargoltage
collapse if it includes at least one voltage cdapbus.

Chebboet al. [2] noted that the cause of the 1977 New Yor

blackout was proved to have been a reactive povedrigm,
and the 1987 Tokyo blackout was believed to haen lthie
to a reactive power shortage and a voltage colldps@g a

summer peak load. However, reactive power has vedei

less attention recently until the Great BlackoutAngust
2003 in the northeastern US, which showed thattireac
power in US power systems was not very well planaed
managed [3]. Reactive power including its planngmgcess
has received tremendous interest after the 2008kBla
from utilities, independent
researchers, and the government.

Power electronics based equipment, or Flexibl€
Transmission Systems (FACTS), provide proven tegini
solutions to voltage stability problems. Especiatlye to the
increasing need for fast response for power quadityl
voltage stability, the shunt dynamic Var compensaguch
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system operators (I1SOs)

as Static Var Compensators (SVC) and Static Symchu®
Compensators (STATCOM) have become feasible
alternatives to a fixed reactive source, and tloeeehave
received intensive interest$here are more than 50 SVCs
installed in the United States, ranging from 30 M¥a 650
MVar each [4]. STATCOMs are installed at severgssiin
the United States, ranging between 30 MVar and Nid@r
each[5]-[8].

FACTS make the application of a large amountvaf
compensation more efficient, flexible, and attnaeti
Consequently, a series of questions have been draise
frequently by utility planners and manufacturergeve is the
right location and what is the right size for thetallation of
reactive power compensators considering technicad a
economic needs? Can the models, methods, andusedsfor
static Var planning be applied in dynamic Var plag® The
answers to these questions are needed for utilibiemake
better use of these new power electronic controNed
sources.

In order to answer the above questions, it lshba stated
that optimal allocation of static and dynamic Vauices
belongs to the Reactive Power Planning (RPP) or Var
planning category. RPP deals with the decision en War
source location and size to cover normal, as wsll a

kContingency conditions. The planning process aints a

providing the system with efficient Var compensatito
enable the system to be operated under a corréahdea
between security and economic concerns.

Essentially, RPP is a large-scale nonlineainopation.
The solution techniques of Optimal Power Flow (OR&Yye
evolved over many years, each with its particular
mathematical and computational characteristics [Bhe
majority of the techniques discussed in the litgmatof the
last 20 years use at least one of the followin@tgégories 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.

e Heuristic methods (Near-global optimum): In recent
years, the intelligent optimization techniques suh
Simulated Annealing (SA), Genetic Algorithms (GA),
and Tabu Search (TS) have received widespread
attention as possible techniques to get a globinom
for RPP problem, but these methods are time comspmi



 Sensitivity based methods: index, modal or eigareval
analysis.

This paper is organized as follows. Section llsiiates the
Voltage Stability Analysis (VSA) tools such as Ganbus
Power Flow (CPF), modal analysis, and OPF. Sectibn
presents SVC planning literature review. Sectiorpbésents
the STATCOM planning literature review. Section V
concludes the paper.

Il. VOLTAGE STABILITY ANALYSIS TOOLS

Voltage collapse studies, an integral part 82\of power
systems, are of growing importance for the desiga a
operation of power systems. The main function ofinsh
reactive power compensation is for voltage suppmivoid
voltage collapse. Then, voltage stability is a vanportant
consideration when the location and size of new &tarces
need to be determined during Var planning. Manylaical
methodologies have been proposed and are curngsely for
the study of this problem: static voltage stabilapalysis
tools such asP-V and V-Q curve analysis, Continuation
Power Flow, optimization methods, modal analysésjdée-
node bifurcation analysis, and dynamic voltage iktab
analysis tools such as Hopf bifurcation analytsise-domain
simulation. Static voltage stability analysis teiciues are
also used in dynamic Var planning. All these teghaes in
the literature will be explained in this section.

A. Static Voltage Stability Analysis Techniques

Static voltage stability analysis is concermgth two main
aspects:

Determination of how far the system is operatiranfrthe
voltage collapse point using CPF based on bifusoati
theory, or OPF considering a given load increastepa
and generator sharing scheme.

Identification of buses or areas prone to voltaggability
problems by using modal analysis

1) Continuation Power Flow (CPF)

The Point of Collapse (PoC) is given by the nosmtpaf
P-V or V-Q curve, where the voltage drops rapidlighvan
increase in load demand as shown in Fig. 1. Po@lss
known as the equilibrium point, where the corresjiog
Jacobian becomes singular, power flow solutionsfaib
converge beyond this limit, which is indicative wdltage
instability, and can be associated with a saddtieno
bifurcation point.

Of the different types of bifurcations, saddle-node
bifurcations are of particular interest in powerstgyns,
because they have been shown as one of the pricaases
for “static” voltage collapse problems [10]. Thésstabilities
are usually local area voltage problems due toldlo& of
reactive power, and hence by increasing the staditage
stability margin (SM) defined as the distance betwehe
saddle-node-bifurcation point and the base caseatipg
point as shown in Fig. 1, one could expect an im@neent

on the stability of the system for that operatirgnp Hence,
determining the location of this point is of pradli
importance in power systems.

CPF was originally developed to determine bifukmati
points of Ordinary Differential Equations (ODE) ®®s,
and have been successfully applied to the computadf
collapse points in power systems [11][12][13]. OR&s first
developed to overcome the ill-conditioning near thigical
point, where the Jacobian matrix of the Newton-Raph
method becomes singular.
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Fig. 1. P-V curve

2) Optimal Power Flow (OPF)

Most of the numerical tools such as continuaticethods
used in voltage collapse studies are based on ptmaed/or
techniques developed from bifurcation analysis ofver
systems. More recently, however, new optimizatiasdal
tools have been developed to study voltage collppsielems
in power systems. It is demonstrated in [14] th&irbation
theory, is basically equivalent to some typicalimjation
methodologies. A voltage collapse point computation
problem can be formulated as an optimization proble
known as Total Transfer Capability (TTC).

It is obvious that there are similarities artdorsg ties
between tools developed for the computation of apsié
points from bifurcation theory and those based on
optimization techniques. Several computational ioesh
based on bifurcation theory have been shown toffideat
tools for VSA; however, it is difficult to introdecoperational
limits and computationally expensive to use cordtian
method, especially for large systems with multifitaits.
Using optimization techniques for these types afdists
present several advantages, especially due to theit
handling capabilities. Further extension has beetento
include the security (contingency) constraints e tOPF
model, which is known as SCOPF model.

The majority of the Var planning objective is tompide the
least cost of Var source with feasible voltage nitages as
constraints. The Optimal Power Flow (OPF) modd fhie
need of Var planning naturally and can be writtericdlows:

MinZ[COi +Cli chi]Xri

iONc
subject to
P. - P, - P(V,8) =0(active power balance)

gi
Q, +Q¢ —Q —Q(V,6) = 0(reactive power balance)

LF,| < LF™ (line flow limits)



V™ <V, <v™  (bus voltage limits)

P <P, <P™ (active power limits)

Q" <Q, <Qu™ (reactive power limits)

Q" <Q, <QM™ (Var source limits)

whereCy— the fixed Var source installation cost
C,i — the per unit Var source purchase cost

Q. — Var source installed at bus

Nc —set of possible Var source installment buses
ri — 1 if there is installation of reactive power smi at
busi, otherwise, it is zero

P4 —generator active power output

P —load active power

Qg —generator reactive power output

Qi —load reactive power

LF, —transmission line flow

V; —bus voltage

3) Modal Analysis

Modal or eigenvalue analysis of the system Biaco (J)
matrix of the system load flow equation, near tloénp of
voltage collapse, which is obtained at the poinimaikimum
power transfer capability of the system, can beduse
identify buses vulnerable to voltage collapse amchiions
where injections of reactive power benefit the sysmost.

The participation of each load in the critical moghear
PoC) determines the importance of the load in tiagse.
The degree of participation is determined from respeéction
of the entries of the left eigenvector of the catimode. The
components of the left eigenvector can be integpreds
indicating a direction normal to the operationalihdary of

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

IIl. SVC PLANNING
A. Priority Based Algorithm

1) CPF and Modal Analysis

Traditional voltage stability analysis tools chu as
continuation power flow (CPF) for PoC or modal gséd at
PoC to determine weak areas or buses are usedjrfdd
SVC location. The SVC size is determined basechemeed
to continuously meet the voltage stability margiquirement.
The speed with which the shunt device should opeisaia
separate issue. The dynamic aspects of the vottaligpse
phenomenon cannot be properly analyzed by moddysiea
based on power flow static models.

CPF and modal analysis are also used to ireditia¢
candidate buses for voltage support in [17]. Howetee
modal analysis is helpless regarding the minimurowarh of
reactive support to solve the voltage collapse lprabAs a
result, OPF is used to determine the MVar ratingthe
reactive compensator, SVC is still described astagel
independent Var sourd@, like in static Var planning, but in
fact it is voltage dependent Var source.

The location of a SVC device is determined Imne t
participation factors from modal analysis and tree wf
controllability indices of the most critical stabyl state in the
modal analysis in [18]. It evaluates the extendeddy-state

the systemRight eigenvector components indicate the degre®oltage stability margins in electric power systeiue to

to which given variables are involved in a givendaoThe
use of both left and right eigenvector informatieads to the
notion of participation factors. The participatidactors
indicate which generators should be motivated jctirmore
active or reactive power into the system, and witleeeload
shedding would be more effective to increase tlability

margin.

B. Dynamic Voltage Stability Analysis Techniques
1) Hopf Bifurcation Point

FACTS controller such as SVC and UPFC.

In [19], the dynamic voltage stability margin haseh
considered as the distance between the Hopf bifarcpoint
and the base case operating point, the staticgmltability
margin as shown if Fig. 1. SVC should be placea &ius,
which produces maximum enhancement in both margins.
saddle-node bifurcation points have been obtaingdab
continuation power flow software package UWPFLOW. A
method has been proposed to combine the two mangins
[19], which computes static and dynamic participatiactors
and thereafter, combined hybrid participation festat
different buses. The bus with maximum value of hiybrid

Not all events of voltage collapse in powerteyss can be Participation factor for the intact system and icait

associated to saddle-node bifurcations, as otHarchtions

contingency cases has been selected as the canbigator

have also been shown to induce collapse, such g Hothe SVC placement. This paper is one of the fewemap

bifurcations which corresponds to dynamic voltatgbitity
[15]. Therefore, voltage instabilities directly atdd to Hopf

which consider not only static margin but dynamirgin.

bifurcations have been categorized as dynamic gelta 2) Loss Sensitivity Index

collapse problems. The Hopf bifurcation occurs witenpair
of complex eigenvalues of Jacobian lies exactly tha
imaginary axis when the parameter is slowly varied.

2) Time-Domain Simulation

The conventional transient stability time domaimlation

programs have been greatly enhanced over recens yea

make them suitable for assessment of long-termvaitdge

The SVC has been considered from a static pointenf to
reduce the total system real power transmissios (@9 in
[28]. Loss sensitivity indeis proposed as the sensitivity of
total transmission loss with respect to the conpariameters
of SVC for their optimal placement. The bus witle tmost
negative loss sensitivity value is preferred tothe SVC
location. SVC has been considered as a reactiweepo
source with the following reactive power limits:

3



Qsve= Vi(V; - Vie/ Xy

Qind = BindVret

Qcap = Bcapvzref
whereXg is the equivalent slope reactance in p.u. equeleo
slope of voltage control characteristics, &h@ndV, are the
node and the reference voltage magnitudes, respBctQsyc
is valid as long as it is within inductive limit®;,q and
capacitive limits Qg set by available inductive and
capacitive susceptancfBing andB,, respectively)

After deciding the optimal location of SVC, the

formulation of OPF to minimize real power lossesths
objective has been developed to determine the Flmesame

the objective into minimizing the overall cost ftioo
consisting of FACTS like SVC devices investmentt casd
fuel cost in [25]. Genetic Algorithm (GA) is used both
papers [23] [25]; however, post-contingency stateusty
and voltage stability margin are still ignored.

The location of SVC for reactive compensatisrcihosen
according toreactive marginal cost criterioin [26], whose
value can be obtained from the OPF solution cooeding
to the Lagrange multiplier of the reactive powenstoaint.
The objective is the $ improvement due to the rédncof
the fuel cost in this paper. Thus, for each butheésystem,
there will be a corresponding reactive marginat.cbbe bus

methodology is used in [29], but the OPF objectivewith the highest reactive marginal cost will be st as the

minimizes fuel cost. The method based lass Sensitivity
Indexignores the voltage stability limits, and only siers
the economical aspect.

B. Optimization Based Algorithm
1) Maximize voltage stability margin

From the viewpoint of optimal reactive reinfencent for
voltage stability, optimal SVC planning is evaludta [20]
such that the reactive margin (Q-margin) of thedgtu
configuration including critical modes is maximizby using
a hybrid method based on the simulated annealiAg é8d
Lagrange multiplier techniques. The system reaatnaggin
is defined as the maximum amount of extra read®mand
that the system can supply, before it reachestairpoint
and encounters a voltage instability problem.

The optimal SVC planning is treated as a nulfjiective
optimization in [21] for maximizing the system ré&se
power margin, minimizing system real power lossesl a
voltage depressions at critical points. Fuzzy Idgithniques
are applied to transform the multi-objective optiation
problem into a constrained problem with a singl¢ective
function known as the fuzzy performance index. S¥Gitill
modeled as voltage independent Var so@gce

2) Minimize Voltage Deviation

A two-stage Tabu Search (TS) is proposed in [22
determining the location and the output of SVCsiaks to
reduce the voltage deviation in distribution syst&itn DG.
The location is expressed as a discrete variahtkftee rating
of SVC is a continuous one. SVC is treated as gelta
independent Var sourc€. in the model. However, post-
contingency state security and voltage stabilityrgima are
ignored in this paper.

3) Minimize Cost

The objective of the optimal allocation of SW(J23] is to
minimize the overall cost function, which includdke
investment costs of FACTS and the bid offers of ket
participants. The cost function of SVC is as folioj@4]:

C6)= 0.0003s°— 0.3055 + 127.38 (US$/kVar)
where C§) is in US$/kVar and is the operating range of the

SVC location.

In most of the work, the placement of FACTS tecoliers
has been considered for the intact system normatatipg
state. Very limited efforts have been made to sthdyimpact
of these controllers and their placement undericgeahcies.
Therefore, if contingency and voltage stability eoasidered,
it may be a considerable improvement in this field.

In [27], the objective is to minimize the surhtbe new
FACTS investment costs suchfas (Cy + C,Q.) X, corrective
control cost such as fast load shedding cost, aedeptive
control cost to improve the voltage stability margn all
predefined contingencies. Meanwhile, the bus veltagfile
and voltage stability margin are kept within spieciflimits in
normal and the corresponding contingency states. Sats of
constraints including normal condition constraiztsl critical
mode constraints are formulated in the OPF. Thélpro 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 nhode
is still a voltage independent Var souf@gin the OPF.

IV. STATCOM PLANNING
A. CPF and Modal Analysis

The main goal of the voltage stability study in ]38 to
keep the static voltage Stability Margi8N) based on active
power (P-margin) greater than at least 5% at Nriticgency
states, usually such a margin is treated as aosa&fewhich is

defined as:
Z Fi,critical _ Z Fi,normal
SM = norimal
2R
whereP™™ andP°"® are the MW loads of load bust

|
normal operating state B and the voltage collapsieal state
(PoC) A as shown in Fig. 1, respectively. This nse#mat
after a single branch outage, the power systenaffard 5%
active load increment without voltage collapse odog. For
this purpose, the software package Interactive Pdw@w
Program (IPFLOW) is the main tool for steady state
calculation, and then the Voltage Stability AnasyBirogram
(VSTAB) by EPRIfor PoC calculation and modal analysis is
used to determine the best location for instalBIGATCOM

FACTS devices in MVar. The proposed approach cdsver s remedial measures against voltage collapse. BSEA
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also for contingency assessment to ensure thegraiin
STATCOM is enough to keep the 5% stability margin.
The optimal location of some FACTS devices udahg

initial value; transient voltage less than 80% wf iinitial
value; and oscillations remaining for more tharcg6les.
First, critical contingencies that result inltage unstable

STATCOM in [31] is determined from the viewpoint of condition are identified by the sign of the eigdoea

increasing the loadability margin of a power systém
applying continuation power flow tool.
Analysis Toolbox (PSAT) software with power flow dan
continuation power flow functions is applied toadhte and
compare the P-V curves with and without FACTS devik
detailed STATCOM power injection model is propoged
use in the continuation power flow as shown in Rigln the
several buses with the same minimum loadabilitygimarthe

computed in modal analysis. Secondly,
identify the types of criteria violations for eaddritical
contingency. By comparing the results from both alod
analysis and dynamic analysis, a good correlatietwéen
the two techniques is found: buses with high pigditon
factors in modal analysis are the same that haslations to

the voltage stability criteria in dynamic analysiirdly, the

one with the weakest voltage profile is chosen ks t candidate locations of FACTS controllers are sekbchy
STATCOM location. However, no contingency cases areombining the bus participation factor from modablysis

involved in the analysis.

So far no work has been reported in open literafirehe
optimal location of STATCOM considering the effeas
economical cost and voltage stability margin unteih
normal and contingency circumstances.

EJVLQ

Vdc C Rc

Fig. 2. STATCOM power injection model

and the number of violations from the dynamic asialy
However, this testing method to decide the finake sand
location ignores the economic analysis. As a reguis not
accurately based on the maximum benefit.

In [34], the results for voltage stability analysism the
dynamic analysis using time domain simulations &ne
static analysis using modal analysis are compawvbi:h are
shown to be consistent in indicating system voltstgéility.

V. CONCLUSIONS

Voltage stability is indeed a dynamic phenonmerzmd
may be studied using a set of differential and laigie
equations. However the static approach is showhate a
number of practical advantages over the dynamiccasmb,
which make the static approach more attractive.

* It requires only small modifications of a standdodd

flow program, so it is computationally less intesmsi

e The P-V curves can cover a wide range of system
time-domain

operating conditions, whereas the
simulations are for only one operating point. A®sult,
time-domain simulation usually requires a large hem
of study cases at different system operating comndit
and contingencies.

time-domain
Power Systemsimulation is performed to test all critical comgfancies and

B. Time Domain Simulation vs. Static Voltage SigbMW » The P-V curves can provide much more information on

Margin

Reference [32] focuses on a STATCOM as a dynamic Va

source providing voltage support in a power syst&uoth
static voltage stability margins based on P-V cuamd time-
domain dynamic simulation are carried out and caegbdo
verify the agreement between the two study methigisn
though one method is static analysis and the dasheéynamic
analysis, the two different methods lead to the esaesult.
For example, voltage collapse in time-domain sitota
reflects on P-V curve as the operating point outhef range
of maximum load capability.

C. Time Domain Simulation vs. Modal Analysis

Modal analysis and time-domain simulation asedito
determine the best location for the STATCOM cotérsl in
[33]. Three violations for voltage stability criierare defined
in this paper, which are recovery voltage less @@ of its

the relationship between system and control pammet
and voltage stability. An index value “voltage sliap
margin” is effectively used to illustrate the impaan the
voltage stability for changing system parameteis \éar
source size parameters. Time-domain simulationtetn
us the voltage profile of every bus, but can not
demonstrate how far away to the voltage collapsatpo
from the present operating point.

* Modal analysis can clearly indicate whether theespss

stable or not at the given operating mode. In &fdithe
participation factors clearly define areas pronedtiage
instability and indicate elements which are impoite
improve the system voltage stability most effedtive

Advantage of dynamic analysis is as follows:

e Time-domain simulation can clearly show the tramnisie

process and how long it will take to transfer tather
stable operating point, which would not be illusgcain
the P-V curve. The static voltage stability marigirthe
P-V curve can not guarantee transient stability.



- It is necessary to use dynamic analysis when tiddec [3]
how fast the Var source needs to respond to the
contingencies, thereafter, to decide the type of Va

source such as dynamic Var source or static Vaiceou

The response of system voltage to a disturbaare
system behavior during a voltage collapse situatian be

considered as dynamic power system phenomena. Howe

as far as reactive long term planning is conceraesteady-
state analysis has been shown to be generally atiedor
providing an indicator of the margin from curreneoating
point to voltage collapse point and for determinitige
location and MVar rating of any necessary reacposver
source. Although dynamic analysis is separatelyd use
design the controls for system
advantages of the above static analysis make tiatdai for
the Var planning under a large number of conditidnsthe
end, the technologies in the literature of SVC 8idh\TCOM
planning are summarized in Tablel. It should besehdhat
some methods that are originally designed for

on

(6]

V7]

(8]

reactive supporte th

(9]

&10]

compensator may be applied to the other with slight

modification due to the similarity of SVC and STAD®I. If

detailed models of SVC or STATCOM are desired, thdll]

specific features of the compensators need to ¢cmporated

in the Var planning method, as shown in some previo

works.

Table 1. Dynamic Var source planning technology.

Technology SVC(12) STATCOM(4)
CPF+ Modal analysis (no CA) [16][17][18]  [30] IPFMD
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)( ng [23]

CA)

Min Var cost and fuel cost (SA)( no [25] [26]
CA)

Min Var cost+ load shedding cost+ | [27]

preventive control cost
(MINLP)( GA/SLP)(CA)
(P-margin)
Note: CA- contingency analysis
IPFLOW, VSTAB- software package for voltage stapiéinalysis
PSAT - Power System Analysis Toolbox software
NLP — Nonlinear Programming
MINLP — Mixed Integer Nonlinear Programming
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