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Abstract

Congestion management is one of the most challenging aspects in the recently deregulated electricity markets. FACTS devices
have been shown to be an efficient alternative to control the flow of power in lines, resulting in increased loadability, lower
system loss and a reduced cost of production. In this paper, the application of a static series synchronous compensator (SSSC)
for the purpose of congestion management of power systems has been studied. A sensitivity-based analysis method is utilized
for effective determination of the SSSC location in an electricity market. The method is topology based and it is independent
of the system operation point. A power injection π-model is developed for the SSSC in this study. Numerical results based on
the modified IEEE 14 bus system with/without the SSSC demonstrate the feasibility as well as the effectiveness of the SSSC
for congestion management in a network. The results obtained when using the SSSC to improve system transfer capability and
congestion management is encouraging.
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I. INTRODUCTION

In the deregulated electricity market, most of the time the
power system operates near its rated capacity as each player
in the market is trying to gain as much as possible through full
utilization of the existing resources. Congestion in one or more
transmission lines may occur due to a lack of coordination
between generation and transmission utilities or as a result of
unexpected contingencies such as generation outages, sudden
increases in load demand, or failure of equipment. Therefore,
congestion management is one of the key functions of any
system operator (SO) in the restructured power industry.

Congestion may be prevented to some extent (preventive
actions) by means of reservations, ownership rights and con-
gestion pricing [1]–[3]. Also, congestion can be corrected by
applying controls (corrective actions) such as phase shifters,
tap transformers, reactive power control, re-dispatch of genera-
tion and curtailment of loads [4]–[12]. Fast relief of congestion
may be possible by removing congested lines to prevent severe
damages to the system, however this will diminish the stability
and security margin of the system. Recently, FACTS have been
introduced as a well known term for higher controllability
in power systems [13]. Fast power flow control is the main
application of FACTS devices, which can help a system oper-
ator to adapt a power system to varying operational conditions
and to improve the usage of existing installations. Thyristor-
controlled series capacitors (TCSC) [13] and the newly devel-
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oped static synchronous series compensation (SSSC) are the
two main emerging FACTS devices that flexibly control line
impedance and alleviate congestion.

The problem with FACTS devices is that the allocation
implies the enumeration of all the possible positions among
which one represents the most suitable according to a prede-
fined objective. The definition of an opportune performance
index is needed to discriminate among all the candidate
locations. A considerable computational effort is required in
the search for the optimal location and, for this reason; the
scientific community has devoted a great deal of interest in
rapidly calculated performance indexes in conjunction with
efficient algorithms to find the best solution within the whole
search space.

A hybrid tabu search and the simulated annealing approach
are proposed to find the optimal placement of multi-type
FACTS devices to minimize the total generator fuel cost in
[14].

A genetic algorithm is used in [15] to simultaneously
determine the suitable types of FACTS devices, their location
and their ratings.

The best location is found by means of the DC load
flow based economic dispatch (ED) problem in [9] which
minimizes the expected thermal generation costs and the
investments on the FACTS devices.

The best location in the transmission system, the type of
devices and the parameters of the devices are obtained in [16]
by the application of genetic algorithms.

Also [17] presents a search by genetic algorithms of the
optimal locations for a number of UPFC devices. Reference
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[18] makes use of mixed integer linear programming to con-
duct a preliminary design study on the combinatorial optimal
placement of thyristor controlled phase shifter transformers
(TCPSTs) in large-scale power systems. The procedure finds
the number, network location, and settings of the phase shifters
that maximize system loadability under the DC load flow
model, subject to the limits on the installation investment and
the total number of TCPSTs.

Reference [19] presents a parallel-tabu-search based method
that either maximizes the ATC with FACTS or determines
the optimal allocation and parameters of the FACTS devices
themselves.

In [20], an evolutionary programming (EP) method is pro-
posed to determine the optimal allocation of FACTS devices
for maximizing the total transfer capability (TTC) of power
transactions between the source and the sink areas in deregu-
lated power systems. EP simultaneously searches for FACTS
locations, FACTS parameters, real power generation except for
the slack bus in the source area, real power loads in the sink
area, and generation bus voltages.

Reference [21] presents an optimization-based methodology
to identify the key locations in the AC network where the
placement of a series-connected FACTS device increases the
maximum megawatt power transfer the most.

In [22] and [23] a real power flow performance index is
suggested that provides a measure of severity of the line
overloads for a given state of the power system. By conducting
the sensitivity of the aforementioned index with respect to
each FACTS device, the most sensitive lines will show the
best candidates for allocation.

In [24] a genetic algorithm is used as an optimization tool to
determine the location as well as the parameters of the TCSC
simultaneously, while maximizing the total transfer capability,
generally defined as the maximum power transfer transaction
between a specific power-seller and a power-buyer within a
network.

Reference [25] proposes an approach for the TCSC place-
ment, building a sensitivity index in order to determine a
branch, which should result in a placement that is the most
sensitive to the largest number of contingencies. A TCSC
that is in series with a chosen branch will provide the most
efficient control of the system flows in the largest number of
contingencies.

All of the abovementioned methods have shown superior
results in the allocation of FACTS devices. A big objection
to these methods is the way they treat the load pattern;
usually a peak-load snapshot of the network is exploited
for allocation. Although, the flow of power is not constant
and changes with the load pattern during a time period.
Therefore, a sensitivity based approach is exploited in this
paper to overcome this drawback. Several sensitivity methods
are utilized to determine the optimal locations of FACTS
devices to achieve different objectives. In [26], loss sensitivity
indices were used to determine the optimal placement of
TCSC, thyristor-controlled phase angle regulators (TCPAR),
and SVC was used to minimize the total system real power
loss. In [27], a real power flow performance index (PI) was
used to determine the suitable locations of TCSC and TCPAR

Fig. 1. Schematic diagram of SSSC connected to a transmission line.

for TTC enhancement. In [28], the RPF method combined with
a sensitivity index of the loading margin to the transmission
line impedances were used to determine the location of the
TCSC for maximizing the TTC. However, these methods may
not lead to the optimal solution because of their dependency
on system topology and loading conditions. Therefore, using a
sensitivity index may be restricted to local optimal solutions.

There is no, to the best of author’s knowledge, paper that
suggest a simple and reliable method for determining a suitable
location for FACTS devices with static considerations.

A method to determine the suitable location of a SSSC,
from a static point of view, has been suggested in this paper.
It is based on the sensitivity with respect to the control
parameters of the SSSC for the reduction of the real power
flow performance index to enhance the TTC while considering
system loss minimization. The method is topology based
and is independent of the system operation point. A power
injection π-model is developed for the SSSC in this study.
The proposed algorithm has been demonstrated on a IEEE-14
Bus test system.

This paper is organized as follows. In section II a model
of the SSSC is developed for sensitivity analysis. Section III
deals with indices for the most effective location of the SSSC
using sensitivity indices. Simulation results are presented in
section V and finally, the paper is concluded in section IV.

II. MODELING OF AN SSSC

As shown in Fig. 1, a SSSC usually consists of a coupling
transformer, an inverter and a capacitor. However, a SSSC is
series connected with a transmission line through the coupling
transformer. The operation principle of a SSSC can be found in
[29]. In principle, the inserted series voltage can be regulated
to change the impedance (more precisely the reactance) of the
transmission line. Therefore the power flow of the transmission
line can be controlled.

The equivalent circuit of a SSSC as shown in Fig. 2 can be
derived based on the operation principle of a SSSC. According
to the equivalent circuit, suppose Vse = Vse∠θse. The voltage
of bus i is taken as r the eference vector, Vi = Vi∠θi. The
voltage source, Vse, is the series injected voltage, and it is
controllable in both its magnitudes and phase angles and is also
the control variable of the SSSC. Vj =Vj∠θ j is the voltage at
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Fig. 2. Equivalent circuit of the embedded SSSC using voltage source.

Fig. 3. Representation of the SSSC using current source.

bus j. Zse = Rse+ jXse is the impedance of the series coupling
transformer. Bc and Zl = Rl + jXl are the charging susceptance
and the impedance of the line respectively. From Fig.3, the
following relations hold:

Vi =Vse + Ii jZse +V
′
i (1)
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′
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Eq. (7) can be presented by the equivalent circuit shown in
Fig. 4.

Considering the following vectors:

Vse =Vse∠θse

Fig. 4. The power injection π-model of embedded SSSC.

Vi =Vi∠θi

Vj =Vj∠θ j

β = β∠θβ .

From Fig.4 the real and reactive power injections at the
sending and receiving bus: Pi

in j, Qi
in j, P j

in j, Qi
in j can be calcu-

lated as follows:
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The power injection π-model of the embedded SSSC is
shown in Fig. 4. In this model the resistance of the transmis-
sion line and the SSSC coupling transformer are considered,
therefore the total power loss can be calculated accurately as:

Ploss = Pi j +Pji =V 2
i Acos(θA)+σV 2

j cos(θσ )

−ViVseAcos(θA−θ
′
i )

+
AVjVse

β
cos(θA−θβ −θ

′
i +θi j)

−
2AVjVi

β
cos(−θi j +θA−θβ ).

(20)

Where,

θ
′
i = θi−θse

θi j = θi−θ j.

III. EFFECTIVE LOCATION OF THE SSSC USING
SENSITIVITY INDICES

In the past, most of the works have utilized dynamic
considerations for the placement of the FACTS devices, as
these devices were utilized mainly to improve the stability of
the power system networks. In the present work, the FACTS
devices have been considered from a static point of view to
reduce the total system real power transmission loss (Ploss).
Hence, a new method based on the sensitivity approach, as
described below, has been suggested for placement of the
FACTS devices.

A. Loss Sensitivity Indices

This section proposes a method based on the sensitivity of
the total transmission loss (PL) with respect to the control
parameter of the SSSC for its best placement. The control
parameter for the SSSC is the phase angle shift (θk placed in
line-k). Thus, the loss sensitivity factor with respect to this
parameter can be defined as:

ak =
∂Ploss

∂θi j
= Loss sensitivity with respect to SSSC

placed in line −k(k = 1, ...,N)

This factor can be computed at a base load flow solution as
given below.

Consider a line k connected between bus i and bus j and
having a series impedance Rl + jXl . Xl is the net reactance
considering the reactance of the series compensator, if present,
in the line. Let the complex voltages at the buses i and j be
Vi = Vi∠θi and Vj = Vj∠θ j respectively. θi j is the net phase
shift in the line k including the effect of the SSSC.

ak =
∂Ploss

∂θi j
=−

AVjVse

β
sin(θA−θβ −θ

′
i +θi j)

+
2AVjVi

β
cos(θA−θβ )sin(θi j).

(21)

B. Real Power Flow Performance Index Sensitivity Indices

The severity of the system loading under normal and con-
tingency cases can be described by a real power line flow
performance index [30], as given below:

PI =
NL

∑
m=1

Wm

2n
(

PLm

Pmax
L

)2n (22)

where PLm is the real power flow, Pmax
L is the rated capacity of

line-m, n is the exponent and wm a real nonnegative weighting
coefficient which may be used to reflect the importance of the
lines.

PI will be small when all of the lines are within their
limits and it will reach a high value when there are overloads.
Thus, it provides a good measure of the severity of the line
overloads for a given state of the power system. Most of
the works on contingency selection algorithms utilize the
second order performance indices which, in general, suffer
from masking effects. The lack of discrimination, in which
the performance index for a case with many small violations
may be comparable in value to the index for a case with one
huge violation, is known as a masking effect [30]. By most
operational standards, the system with one huge violation is
much more severe than a system with many small violations.
The masking effect to some extent can be avoided by using
higher order performance indices in which n > 1. However, in
this study, the value of the exponent has been taken as 2 and
wi = 1.

The real power flow PI sensitivity factors with respect to
the parameters of the SSSC can be defined as:

bk =
∂PI
∂θse

∣∣∣∣
θse=0

=PI sensitivity with respect to. SSSC
placed in line–k

The sensitivity of the PI with respect to the SSSC parameter
connected between the bus-i and the bus-j can be written as:
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1
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L
)4n ∂PLm
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. (23)

The real power flow in line-m can be represented in terms of
the real power injections using the DC power flow equations
[17] where s is the slack bus, as:

PLm =



N

∑
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n 6=s
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N

∑
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Using equation (21), the following relationship can be
derived:
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Fig. 5. Flowchart for the proposed method in effective location of SSSC.
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C. Criteria for the best location

The best place for the FACTS device is the most sensitive
line. With the sensitivity indices computed for the SSSC, the
following criteria can be used for its effective placement.

a) In the power loss reduction method the SSSC should be
placed in a line having the most positive loss sensitivity index.

b) In the PI method the SSSC should be placed in a line
having most negative sensitivity index.

The procedure is shown in Fig.5.

IV. SIMULATION RESULTS

In this study, a 14-bus IEEE test system has been studied to
investigate the result of the proposed method in the placement
of a SSSC. A single line diagram of the studied network is
shown in Fig. 6.

The result of the OPF run on the test network is shown in
Table I. From the OPF, it was found that the real power flow
in lines 1 and 10 were 1.077 and 1.053 pu respectively, which
are more than the lines loading limits.

The sensitivities of the real power loss reduction and the
real power flow performance indices with respect to the SSSC
control parameter have been computed and are shown in
Tables II-IV. To confirm the validity of the indices in the
operation range of the SSSC, the indices are calculated for

TABLE I
OPF RUN RESULT WITHOUT SSSC

Line # Bus i Bus j Loading%
1 1 2 1.077
2 1 5 0.794
3 2 3 0.883
4 2 4 0.735
5 2 5 0.446
6 3 4 0.501
7 4 5 0.807
8 4 7 0.727
9 4 9 0.469
10 5 6 1.053
11 6 11 0.288
12 6 12 0.275
13 6 13 0.647
14 7 8 0.179
15 7 9 0.997
16 9 10 0.207
17 9 14 0.654
18 10 11 0.304
19 12 13 0.124
20 13 14 0.413

Fig. 6. 14-bus IEEE test system.

different magnitudes and phase shifts. The most sensitive line
in each case is presented in bold type. According to the criteria
for effective allocation of FACTS, it can be observed from
Table II that the best choice for the SSSC location considering
the TTC would be L#7 between buses 4 and 5. Comparing
the result with the minimum loss index in Tables III and
IV, it is observed that the best location for the minimum
system loss would be the L#1 in the first stage and then L#7.
Therefore, L#7 is chosen as an effective location for the SSSC
installation.

V. CONCLUSION

This paper employs a sensitivity-based analysis method for
effective determination of the SSSC location in a power system
planning problem. A power injection π-model is developed
for the SSSC, and then the loss and the real power flow
performance sensitivity indices are modified for the networks
containing a SSSC. Based on these two indices, the best
point is selected for the SSSC location. It shows a high
computational efficiency. The proposed method is topology
based and is independent of system operation.
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