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Abstract|This paper concentrates on studying the
e�ect of SVC and TCSC controllers on the Available
Transfer Capability (ATC). Standard voltage collapse
techniques are used to determine the ATC of a test
system, considering a variety of system limits. Then,
based on second-order sensitivity analysis, optimal lo-
cations for these particular FACTS controllers are de-
termined; these techniques are compared to eigenvec-
tor analysis methodologies that have been successfully
used for optimal placement of FACTS controllers. Fi-
nally, using proper models of SVC and TCSC con-
trollers, the e�ects of these FACTS controllers on the
system ATC are studied. The Italian system is used
as a test bed, computing the system ATC for a given
generation and loading pattern. All realistic control
limits, as well as voltage dependent loads, are used
in the ATC computation, with and without FACTS
controllers.

Keywords: FACTS, SVC, TCSC, ATC, bifurcations,
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I. Introduction

With the deregulation of electricity markets around the
world, there is a clear need for adequate computations of the
Available Transfer Capability (ATC) in power systems, as this
quantity has a direct e�ect on production and transmission
cost signals. Realistic computations of ATC require consider-
ing various system limitations such as maximum loadability,
bus voltage and transmission current limits as well as reactive
and active power generator limits, as indicated in [1, 2, 3].
The current paper presents the computation of the ATC for
the Italian system for a given loading and generation pattern
which is of particular interest, using similar computational
strategies as those used in [1], i.e., techniques based on deter-
mining voltage stability limits directly associated to voltage
collapse conditions (saddle-node bifurcations), while consider-
ing most realistic system limits.

It is a well known fact that transmission system power ca-
pabilities, and hence the system ATC, can be directly inu-
enced by shunt and series compensation [4]. In [5], the author
demonstrates the existence of optimal compensation levels and
proposes new techniques to compute these values based on
bifurcation theory. The concepts proposed in this paper are
used here to determine compensation levels that maximize the
ATC of the Italian system.

The appearance of Flexible AC Transmission System
(FACTS) controllers, which are power-electronics-based de-
vices designed for the direct control of ac transmission lines,
is completely changing the way transmission systems are con-
trolled and operated [6, 7]. Most FACTS controllers are ba-
sically based on variable shunt and/or series compensation of
transmission systems; hence, it is important to study the ef-
fect of these controllers on ATC, so that design techniques
can be developed to maximize ATC at minimum costs. The

optimal location of these controllers is determined in this pa-
per using �rst and second order sensitivity analysis, as de-
scribed in [8] and [9], respectively. The techniques proposed
in [8] are then used to design \optimal size" shunt and se-
ries FACTS controllers, speci�cally, Static Var Compensators
(SVCs) and Thyristor Controlled Series Capacitors (TCSCs)
[10], that maximize ATC.
Finally, based on the e�ect of load modeling in voltage col-

lapse phenomena, as demonstrated in [11], the inuence of
voltage dependent loads on ATC and the proposed FACTS
controller design techniques are also studied on the Italian
system.
Section II briey presents all the basic concepts on which

the analysis techniques presented here are based; this section
also describes the basic structure and operation of SVCs and
TCSCs. In Section III, the techniques used for the \optimal"
design of the controllers are presented. Finally, Section IV
presents the results of applying the proposed design techniques
to the Italian system.

II. Basic Concepts

The design techniques proposed in this paper are based on
basic voltage stability concepts. A brief discussion of these
concepts follows, together with a basic description of the op-
eration, control and modeling of the two FACTS controllers,
namely, SVC and TCSC, used throughout the paper.

A. Voltage Collapse

Voltage collapse studies and their related tools are typically
based on the following general mathematical description of the
system:

_x = f(x;y; �; p) (1)

0 = g(x; y; �; p)

where x 2 <n represents the system state variables, corre-
sponding to dynamical states of generators, loads, and any
other time varying element in the system, such as FACTS con-
trollers; y 2 <n corresponds to the algebraic variables, usu-
ally associated to the transmission system and steady-state
element models, such as some generating sources and loads
in the network. The parameters � 2 <l stand for a set of
\non-controllable" parameters that drive the system to col-
lapse, and typically represent the somewhat random changes
in system demand. On the other hand, the parameters p 2 <k

are used here to represent system parameters that are directly
controllable, such as shunt and series compensation levels.
Based on (1), the collapse point may be de�ned, under

certain assumptions, as the equilibrium point where the re-
lated system Jacobian is singular, i.e., the point (xo; yo; �o; po)
where �

f(xo; yo; �o; po)
g(xo; yo; �o; po)

�
= F (zo; �o; po) = 0 (2)
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and its Jacobian DzF jo has a zero eigenvalue (or zero singu-
lar value) [12]. This equilibrium is typically associated to a
saddle-node bifurcation point [13].

For a given set of controllable parameters po, voltage col-
lapse studies usually concentrate on determining the collapse
or bifurcation point (xo; yo; �o), where �o typically corre-
sponds to the maximum loading level or loadability margin
in p.u., %, MW, Mvar or MVA, depending on how the load
variations are modeled and de�ned. The objective of this pa-
per is to �nd the \optimal" values of p that maximizes a given
cost function directly associated with the value of � at the col-
lapse point, as proposed in [5, 8]. Based on bifurcation theory,
two basic tools are typically applied to the computation of the
collapse point, namely, direct and continuation methods [14];
the current paper makes extensive use of continuation meth-
ods to determine the desired collapse point.

Since one is mostly interested in the collapse point and its
related zero eigenvalues and eigenvectors (or zero singular val-
ues and vectors), it has been shown in [15] that not all dynam-
ical equations are of interest; precise results may be obtained
if the set of equations used in the computation of the collapse
point adequately represents the equilibrium equations of the
full dynamical system. Control limits are of great importance
in this case, as these have a signi�cant e�ect on the values of
(xo; yo; �o; po); this has been clearly illustrated for generators
in [16, 17]. Hence, an adequate subset of equations of (2) is
used here, where all steady state device models and related
control limits are properly represented, particularly those as-
sociated with FACTS controllers.

The ATC is typically de�ned as the maximum power that
can be transmitted from one system area into another while
the system remains \secure." This de�nition hinges on the
loose word secure, which may have di�erent meanings. This
may mean that transmission voltages should be kept within
somewhat arbitrary limits, e.g., in the 0.9-1.1 p.u. range; or
that transmission system device currents should be below cer-
tain thresholds, which are typically de�ned in terms of the
thermal ratings of these devices. Hence, transmission system
operators can take action when monitored voltages and/or
currents approach an \undesirable" limit. However, an ATC
de�nition based on these types of limits is overly conserva-
tive, restricting the types of transactions that can take place
in the system based on somewhat arbitrary limits that do not
accurately represent the actual system ability to deliver the
desired power, resulting in loss revenue.

B. ATC

In this paper, the ATC is more precisely de�ned as the
maximum power that the system can transmit between ar-
eas of interest before the system collapses, while transmission
system currents are kept within \realistic" limits, i.e., below
thermal limits, at \reasonable" load voltage levels, as sug-
gested by other authors, e.g., [2]. This ATC de�nition based
on the voltage collapse point is certainly more adequate, since
it is based on the fact that the stability region \shrinks" as
the system approaches collapse [5], and hence this value rep-
resents better the system's ability to deliver power. From the
operational point of view, however, this is not the most ap-
propriate de�nition, as in practice the system should not be
allowed to get to the collapse point, or too close to it for that
matter, due to the reduction in system stability margins. In
this case an index such as the one de�ned in [1] would be more
appropriate so that operators can monitor this value and take
early action when it falls below certain thresholds. However,
for this paper, the ATC de�nition proposed here is su�cient,
since this value will be used only to evaluate the e�ect of dif-
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Fig. 1. Basic SVC structure.

ferent FACTS devices on the system ability to deliver a given
power.

C. SVC

Each phase of this FACTS controller is typically made up
of a thyristor-controlled reactor (TCR) in parallel with a �xed
capacitor bank; the system is then shunt connected to the bus
through a step-up transformer bank to bring the voltages up to
the required transmission levels, as depicted in Fig. 1 [10]. By
controlling the �ring angle � of the thyristors (the angle with
respect to the zero crossing of the phase voltage), the device
is able to control the bus voltage magnitude, as changes on
� basically result on changes in the current and, hence, the
amount of reactive power consumed by the inductor L; for
� = 90� the inductor L is \fully on", whereas for � = 180�

the inductor is \o�." The continuous switching operations of
the TCR generate certain harmonic pollution on the voltage
waveforms that have to be taken into account for the design
and operation of the controller.
The basic control strategy is typically to keep the transmis-

sion bus voltage within certain narrow limits de�ned by a con-
troller droop and the �ring angle � limits (90� < � < 180�).
However, more sophisticated control strategies may be imple-
mented, such as reactive power control or oscillatory damping
controls of various kinds.
For the studies carried out in this paper, which concentrate

on steady state analyses of balanced, fundamental frequency
phenomena, an adequate SVC controller model that captures
the typical voltage control strategy and its related limits is all
that is required. Thus, the equivalent reactance and control
model proposed in [8] is used for all studies in this paper,
which can be summarized in the following per-unit equations:

Vl � VREF +XSLVkBe = 0 (3)

QSV C � V 2

k Be = 0

�XCXLBe + sin(2�)� 2� + �
�
2�

XL

XC

�
= 0

where Vl stands for the controlled bus voltage magnitude; Vk
represents the TCR and �xed capacitor voltage magnitude;
VREF is the controller set point and XSL stands for the droop;
QSV C is the controller reactive power; Be is the equivalent sus-
ceptance of the TCR and �xed capacitor combination; and XL

and XC correspond to the fundamental frequency reactance
of L and C, respectively.

D. TCSC

This FACTS controller basically consists of the same TCR
and �xed capacitor parallel combination used in the SVC but
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Fig. 2. Basic TCSC structure.

connected in series with a transmission line [10]. Due to the se-
ries connection, there is no need in this case for a transformer
bank to change the controller voltages. Figure 2 depicts the
typical basic structure and control strategy of this controller.
The device is usually designed to directly control line cur-
rents, but various other strategies can be used to control line
impedance or power ows, damp oscillations, etc.
The limits on the �ring angle � for the TCSC controller are

di�erent than the ones used for the SVC, as there is a reso-
nance region where the controller becomes an open circuit and,
hence, it must be avoided in a series connection. Furthermore,
the controller is designed to mainly operate in the capacitive
region in steady state, to reduce harmonic pollution of the cur-
rent waveforms. Thus, for this paper, �r < � < 180�, where
�r corresponds to the resonant point (this value depends on
the ratio XC=XL).
The following fundamental frequency, steady state model

proposed in [8] is used here to model this controller:

P + VkVmBe sin(�k � �m) = 0 (4)

�V 2

k Be + VkVmBe cos (�k � �m)� Qk = 0

�V 2
mBe + VkVmBe cos (�k � �m)�Qm = 0

Be � �
�
k4x � 2k2x + 1

�
coskx(� � �)=�

XC

�
� k4x coskx(� � �)

�� coskx(� � �)� 2k4x� coskx(� � �)

+2�k2x coskx(� � �)� k4x sin 2� coskx(� � �)

+k2x sin2� coskx(� � �)� 4 k3x cos
2 � sinkx(� � �)

�4 k2x cos� sin� coskx(� � �)
��

= 0p
P 2 +Q2

k
� I Vk = 0

where Vk 6 �k and Vm 6 �m are the terminal phasor voltages of
the controller; Qk and Qm are the reactive power injections at
both controller terminals; P and I are the active power and
current owing through the controller, respectively; Be is the
equivalent susceptance of the TCR-�xed-capacitor combina-
tion; XC and XL are the fundamental frequency reactances

of C and L; and kx =
p
XC=XL. By �xing the value of one

of the controller variables, one can model di�erent types of
controls; for example, by de�ning the value of I, equations
(4) can be used to simulate a TCSC controller operating in
current control (droop could be also included).

III. Analysis Techniques

As previously discussed, the de�nition of ATC used in this
paper, for the purpose of designing FACTS controllers to
\maximize" system transfer capability, is based on basic volt-
age collapse concepts that are in turn grounded on bifurcation

theory [13]. The ATC is then formally de�ned here as the dif-
ference on active power owing into a system area between
the base case and the voltage collapse (saddle-node bifurca-
tion) point for a given generation and load pattern. Thus,
to compute the ATC value, one has to �rst de�ne the power
transaction to be studied, i.e., the generation and load pattern,
and then determine the voltage collapse point using any of the
techniques developed to calculate this point; in this paper, the
continuation method is used to determine this point, as de-
scribed in detailed in [13]. If there is no bifurcation point for
the system under analysis, as in the case of the Italian System
with voltage dependent load model, the ATC will be de�ned
as the maximum change in area power ow.
A detailed description of the techniques used to determine

the optimal location and size of the FACTS controllers to max-
imize the ATC de�ned in this paper follows.

A. Bifurcation-based Tools

In [5], the author studies in detail the e�ect of the control-
lable parameters p on the bifurcation behavior of equations
(1), proposing a series of numerical techniques to compute
the optimal values of p that maximize the \distance" to a bi-
furcation point. The paper demonstrates the advantages of
maximizing this distance from the point of view of system
stability, since the system becomes generally \more stable" as
the distance to a bifurcation point is increased. In [8], the
authors use these basic concepts and some of the related nu-
merical techniques to design FACTS controllers to maximize
the system distance to collapse, and hence improve system
stability.
The techniques used here to determine the optimal location

and size of SVCs and TCSCs to increase ATC are based on
the methodologies proposed in [8], and are summarized below.
The original techniques are based on determining a saddle-
node bifurcation point; however, in the current paper these are
modi�ed to consider systems that do not present a bifurcation
point and only have a maximum area power transfer point,
which is de�ned here as the ATC point.

1. For the given generation and load pattern, determine the
collapse or bifurcation point. If there is no bifurcation
point, determine the maximum area power transfer equi-
librium point. Either one of these equilibrium points
yields the desired ATC value, and is referred to as the
ATC point in this paper.

2. The largest entries corresponding to bus voltage mag-
nitudes in the \zero" right eigenvector at the collapse
point can then be used to pinpoint the buses or area
where SVCs may be located to have the most e�ect on
distance to collapse. For systems without bifurcation,
use the maximum voltage entries in the tangent vector,
i.e., dx=d�jo in equations (2), at the corresponding ATC
point.

3. The lines that present the largest change in power ow
between the base case and the ATC point are considered
to be the best candidates for placing TCSC controllers.

4. Determine the manifold of ATC points with respect to
the controllable parameters p. The simplest way of ob-
taining this manifold is to continuously vary p and com-
pute the corresponding collapse or ATC points; however,
more e�cient continuation techniques may be used here
as proposed in [5].

5. To determine the \optimal" controller size from the ATC
point of view, one should de�ne a cost function that takes

3



into account the change on the ATC (�ATC) due to the
controller and the cost of this controller. In the case of
the SVC, the controller size (the size of the TCR and ca-
pacitor bank), and hence its cost, is de�ned in terms of its
reactive power rating, whereas for the TCSC the size is
de�ned by the impedance of the corresponding transmis-
sion line and the desired compensation levels. Thus, the
controller cost functions used in this paper are de�ned as

fSV C =
�ATC [MW]

QSV C [Mvar]
(5)

fTCSC =
�ATC [MW]

Xe [%]
(6)

The optimal SVC and TCSC controllers would be the
ones that maximize functions (5) and (6), respectively.

6. The SVC and TCSC XC=XL ratio and control set points,
droops and limits are de�ned based on stability studies;
for this paper, typical values are used. Thus, for the SVC,
a 1 pu set point and a 2 % voltage droop are used here,
i.e., VREF = 1, and XSL = 0:02 in equations (3); and
XL = 0:52XC , so that QSV Cmax

� �QSV Cmin
. For the

TCSC, typical values of XC=XL = 10 and a 100 % im-
pedance compensation at the minimum �ring angle �min

are assumed here; the value of �min is chosen based on
equations (4), so that Xe(�min) = Xline � �5XC

B. Second Order Sensitivity Analysis

Alternatively to the methods described above for determin-
ing most suitable buses for the installation of SVCs and the
most appropriate branches for placing TCSCs, one may use
second order sensitivities as proposed here.
Since the ATC de�nition used in this paper is related to

the maximum power exchange between areas before voltage
collapse occurs, it is reasonable to assess the quality of a can-
didate bus/branch by means of voltage collapse related indices
or sensitivities. Thus, using the ideas proposed in [9, 18], one
can readily determine the sensitivities of a voltage collapse in-
dex based on singular values with respect to various system
parameters, which in this case are the reactive power injections
(SVC) and the branch admittances (TCSC). This voltage col-
lapse index is speci�cally de�ned as the minimum singular
value of the Jacobian J = DzF jo of equations (2), or of an
appropriate subset of equations like the load ow equations;
the corresponding sensitivities contain second order informa-
tion, as these are determined based on the system Hessian, as
described below.
As it is well known, the Singular Value Decomposition

(SVD) of a matrix J is given by

J = U�V T =

nX
i=1

�iuiv
T
i

where U and V are orthonormal matrices (u and v are the left
and right singular vectors respectively), and � is a diagonal
matrix whose elements �i are the singular values of J , ordered
in ascending order.
Based on the concepts presented in [18], it is possible to

determine the inuence of any control parameter p on the
minimum singular value �min of J (or on the maximum sin-
gular value �max of J

�1). Thus, following a change �z about
a given equilibrium point zo, the new Jacobian J 0 may be
approximated by

J 0 = J(zo +�z) � J +H�z

where the three dimensional array H is the Hessian of equa-
tions (2) evaluated at zo, i.e., H = D2

zF jo, or of an appropriate
subset of equations. A change in the rth singular value of J
following a change �p on the controllable system parameters
p may be determined by

��r = �
�
UT H J�1�p V

�
rr

In particular, for the minimum singular value,

��min = cT�p

where
cT = �vT1

�
uT1 H J�1

�
Jp

and Jp = DpF jo in (2). To evaluate the sensitivities of the
minimum singular value with respect to power injections in the
load ow equations, Jp becomes the unit matrix. On the other
hand, if p corresponds to a branch admittance used to evaluate
the e�ect of series compensation in the load ow equations,
Jp presents four nonzero elements corresponding to the P and
Q mismatch equations at the two buses i and j connected by
the branch.
Since �max = 1=�min, the change ��max in the maximum

singular value �max of J
�1 may be computed by

��max = cTmax�p

= �cT�2max�p (7)

Equation (7) has been successfully used in [19] to rank con-
tingencies, and is adopted here to evaluate, from the voltage
collapse point of view, optimal locations of shunt and series
compensation. It is important to mention that the procedure
proposed here to determine the most suitable bus/branch for
the insertion of SVCs/TCSCs needs neither the de�nition of
the collapse point nor the de�nition of the system load change
pattern; hence, this technique can be directly applied to the
case where the system does not present a bifurcation. This is
one of the main advantages of this technique, and has been
con�rmed in several studies by basically obtaining the same
results when the sensitivities are computed at the initial load-
ing conditions as when these are computed at the collapse
point. The reason for this is that second order information
regarding the system behavior is included in the analysis.

IV. Results

All results presented in this paper were obtained for the
Italian power system depicted in Fig. 3. The network under
examination corresponds to the ENEL transmission system in
its interconnected operation with the European System, and
is modeled with about 700 buses, 1100 branches, 123 hydro-
units and 109 thermal-units. The system data used here cor-
responds to the scenario before the blackout that stroke south-
ern Italy in August 1994, characterized by a low load level and
a large number of 380 kV lines both in maintenance and out
of service to avoid over-voltages. In particular, the intercon-
nection between the northern and the southern (Naples De-
partment) parts of the system was ensured by two of the four
380 kV lines available (Valmontone-Presenzano and Villanova-
Larino-Foggia) and by a single 220 kV line (Popoli-Capriati),
as illustrated in Fig. 4; the blackout took place when one of
the two 380 kV line tripped out (line Valmontone-Presenzano).
The total load on the system before the black out was 81700
MW (including the UCPTE equivalent); the load on the Ital-
ian system itself was 24000 MW/8200 Mvar.
The load for this system is modeled as follows:

PL = (Po +�P �)V a (8)

QL = (Qo +�Q �)V b
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Fig. 3. The Italian system.

Fig. 4. Main transmission lines feeding the Naples Department.

where Po and Qo stand for the base system load; �P and �Q
represent the load variation as de�ned by the non-controllable
parameter � (loading factor); and a and b de�ne the voltage
dependency of the load. Thus, a = b = 0 for constant PQ
loads, whereas, for voltage dependent loads, the values a = 1
and b = 2:5 are chosen, as these values have been successfully
used to represented the Italian system load in contingency
studies. The ATC cases studied in this case correspond to the
power transfer from the north and central parts of the Italian
system to the southern part of the network, which corresponds
to the main power corridor in this system. Thus, the following
realistic load and generation patterns are assumed:

� All generators in the Milano, Torino, Venezia, Firenze
and Roma areas (north and central Italy) are assumed to
supply for the load changes; the European system does
not supply power for these changes.

� The load is assumed to only increase in the Naples (70%)
and Palermo (30 %) areas for constant PQ loads. For
voltage dependent loads, only the loads in the Naples
Department are increased.

All Q and S limits on generators as well as limits on the
SVC and TCSC controllers were enforced for the ATC com-
putations in all cases. On the other hand, bus voltage and
current limits were only monitored and not strictly enforced,
as some of these limits overly constrained the transmission
system voltages and currents, yielding rather conservative re-
sults.

A. Constant PQ Loads

Figure 5 depicts the bifurcation diagram or PV curves for
the test system using constant PQ loads. Three bus voltages
are shown together with their corresponding voltage limits;
these buses belong to the Naples and Rome areas, which un-
dergo the largest voltage changes in the system. Observe that
the voltages exceed their limits; however, as indicated before,
these limits are not strictly enforced but only monitored. The
system presents a collapse point at the maximum value of �,
which corresponds to a maximum total loading condition of
82225 MW and an ATC of 528 MW; for this kind of load
model, the value of � can be directly associated to the total
MW loading. It is interesting to notice that the maximum
power transfer to the Naples area, which does not correspond
to the ATC in this case, does not occur at the collapse or
maximum loading point, but on the lower (\unstable") side of
the bifurcation diagram.
The collapse in this case is actually due to one of the gen-

erators in the Naples area reaching an Smax limit [16]. How-
ever, the eigenvectors and singular vectors associated to the
smallest real eigenvalue and singular values can still be used
in this case to determine the optimal location of the FACTS
controllers, due to the proximity of this collapse point to a
saddle-node bifurcation (the smallest eigenvalue and singular
value is rather close to zero). Thus, Fig. 6 depicts the relative
sensitivities of the most signi�cant buses obtained from (a)
the bus voltage entries in the \zero" right eigenvector, and
(b) the singular value second order sensitivities to changes in
the reactive power bus injections computed using (7). From
these two graphs, one can �rst observe that both techniques
point to similar system buses, all belonging to approximately
the same geographical area, as possible candidates to place
a SVC to have the most e�ect on the distance to collapse.
Based on these sensitivity values and the voltage levels of the
candidate buses, for both load models, the most adequate bus
is determined to be Popoli (220 kV); placing an SVC on any
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right eigenvector analysis; (b) second order sensitivity analysis of
singular values at initial loading conditions.
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maximum loadability and ATC versus SVC rating; (b) optimal
SVC rating computation; (c) voltage pro�les for optimal SVC
(QSV C = �320 Mvar).
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Fig. 8. Normalized branch sensitivities for TCSC placement: (a)
relative power ow changes; (b) second order sensitivity analysis of
singular values at initial loading conditions.

other of the candidate buses has basically the same e�ect on
the ATC as the one proposed here.

To obtain the \optimal" reactive power rating for the SVC,
the ATC manifold with respect to the SVC Mvar rating is
computed, as depicted in Fig. 7(a); the SVC cost function
de�ned in (5) is then calculated and plotted in Fig. 7(b). From
this analysis, is clear that a �320 Mvar SVC would be the
best choice in this case to increase the system ATC; the new
ATC value is 684 MW. The manifold corresponding to the
maximum loading conditions is also depicted in both of these
�gures for comparison purposes only. Observe that there is
a slight di�erence on the optimal SVC rating value if this
criterion is used; this di�erence becomes much more signi�cant
in the case of voltage dependent load models, as discussed
below. Figure 7(c) shows the new bifurcation diagrams or
PV curves for the system with the optimal SVC; notice the
improvement on the voltage pro�les, which is expected due to
the voltage control characteristics of the SVC.

To decide on the optimal TCSC controller compensation
levels and placement, which de�ne the TCSC size, �rst and
second order sensitivity analyses are carried out, using the
techniques previously discussed. The results of these stud-
ies are depicted in Fig. 8, and clearly indicate that the
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Fig. 9. Results for constant PQ load and TCSC at Valmontone-
Presenzano: (a) optimal TCSC compensation computation; (b)
voltage pro�les for optimal compensation (50%).

Valmontone-Presenzano 380 kV line is the best candidate for
connecting the controller in series.

Based on results presented in [8] showing that, to increase
distance to collapse, the best TCSC control strategy is to con-
trol the line impedance, the optimal impedance compensation
level from the ATC point of view is determined using the cost
function fTCSC in (6). This cost function is plotted in Fig.
9(a), together with a similar cost function de�ned with re-
spect to the maximum loading conditions; observe that there
is no maximum in this case, leading to the conclusion that any
compensation level would result in similarly adequate ATC
increments. Hence, a typical 50 % compensation level is cho-
sen in this case, based on stability and harmonic distortion
criteria. The voltage pro�les for the system with the optimal
TCSC controller are depicted in Fig. 9(b); notice that the volt-
age pro�les do not improve signi�cantly with respect to the
base case. The optimal TCSC increases the ATC to 829 MW,
which is signi�cantly larger than the ATC obtained for shunt
compensation with the SVC, which is to be expected given
the direct e�ect that series compensation has on the power
capability of the main transmission line feeding the Naples
area.
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Fig. 10. Voltage pro�les for voltage dependent load model: (a)
bifurcation diagram; (b) maximum loading. The system does not
present a voltage collapse due to bifurcation or control limits.

B. Voltage Dependent Loads

Similar studies are carried out for the Italian system us-
ing a voltage dependent load with a = 1 and b = 2:5 in (8),
as previously discussed. Thus, Fig. 10 depicts the (a) bifur-
cation diagram and (b) PV curves obtained without FACTS
controllers in the system. First, observe that the system does
not present a bifurcation or generator limit (collapse) point,
and hence the voltage does not collapse by any of these mecha-
nisms in this case [11]. Second, the ATC (927 MW), de�ned as
the maximum power transferred into the Naples Department,
and the maximum loading (82111 MW) points do not coincide
in this case, and hence one can expect signi�cantly di�erent
results when using each of these criteria to select the optimal
controllers, as illustrated below for the SVC controller.
Based on �rst and second order sensitivity analysis results

depicted in Fig. 6, and the cost function fSV C of equation
(5) depicted in Fig. 11(a), the optimal SVC, from the ATC
point of view, is determined to be a �400 Mvar controller
located at the Popoli bus. In this case, the new ATC is 1080
MW, and the maximum loading is 82233 MW. Observe that
a completely di�erent SVC rating would be obtained if the
maximum system loading is used to select the controller. Also,

the plot of the fSVC cost function seems to suggest that a low
rating SVC (�60 Mvar) would be more adequate; however,
such a small SVC would produce very little change on the
ATC (less than 30 MW), that it would not be justi�able in
practice. Figure 11(b) shows the system bifurcation diagram
for the optimal SVC; notice again the improvement on the
voltage pro�les and the slight increment on the value of � at
the ATC point.
Finally, following the same design path as before, the

optimal TCSC is determined to be located at the same
Valmontone-Presenzano 380 kV line, operating at a 50 % com-
pensation level. The later is obtained based on stability and
harmonic distortion criteria, as the cost function fTCSC of
equation (6) is also inconclusive in this case. The correspond-
ing voltage pro�les are depicted in Figure 12. The ATC and
maximum loading in this case are 1318 MW and 82366 MW,
respectively.

V. Conclusions

This paper discusses in detail proper techniques to locate
and size SVC and TCSC controllers from the ATC point of
view, and tests the proposed methodologies in a real system.
These techniques can be also applied to other FACTS con-
trollers used for shunt and series compensations, such as Shunt
and Series Static Var Compensators (STATCOM and SSSC),
provided that accurate steady state controller models that
take into account control limits and droops are considered.
The paper also demonstrates that both �rst and second order
sensitivity information obtained from collapse studies yield ba-
sically the same results, which can then be used to determine
optimal control parameters to improve system operation.
It is important to highlight the fact that all studies pre-

sented in this paper are based on steady state techniques, and
no consideration is given here to the dynamic response of the
system, which in some cases could also be a determinant factor
on the design process of FACTS controllers. Also, the volt-
age dependent representation of loads in the Italian system
require more study, as the operational knowledge of the sys-
tem does not seem to match very well with some of the results
presented in this paper. Nevertheless, the system presented
a unique opportunity to develop and test new techniques for
the integral design of FACTS controllers.
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