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Abstract—This paper presents an Interior Pont Method
(IPM) and Evolutionary Particle Swarm Optimization
(EPSO) based hybrid method to solve optimal power flow in
power system incorporating Flexible AC Transmission
Systems (FACTS) such as Static Synchronous Series
Compensator(SSSC) for security enhancement in the power
systems. A fuzzy logic composite criteria based severity
index is also used as an objective to be minimized to
improve the security of the power system. The proposed
optimization process with IPM-EPSO is presented with case
study example using IEEE 30-bus test system to
demonstrate its applicability. The results are presented to
show the feasibility and potential of this new approach.

Index Terms—Optimal power flow, evolutionary particle
swarm optimization, flexible AC transmission, SSSC

. INTRODUCTION

The problem of power system security has obtained
much attention in the present day modern power industry.
To meet the load demand in a power system and satisfy
the stability and reliability criteria, either the existing
transmission lines must be utilized more efficiently, or
new line(s) should be added to the system. The latter is
often impractical. The reason is that building a new
power line is in many countries, a very time consuming
process and sometimes an impossible task, due to
environmental problems. Therefore, the first alternative
provides an economically and technically attractive
solution to power system security problem by use of
some efficient controls, such as controllable series
capacitors, phase shifters, and load shedding, etc., [1]-
[5]. Several techniques have been proposed in the past for
the adjustment of phase shifter or the adjustment of
controllable series capacitor to alleviate line overloads
[4], [5].

The main method uses the model of series capacitor or
phase shifter in power flow program without generation
rescheduling. It is possible to alleviate power flow
violation and enhance power system security in an
electrical power system by use of phase shifter without
optimal generation rescheduling. However, it is well
known that the phase shifter adjustment under given
contingencies may fail to yield convergence. Thus,
optimal power flow (OPF) with phase shifter is a good
choice.

The goal of optimal power flow is to determine
optimal control variables and quantities for efficient
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power system planning and operation. Several
optimization techniques have been proposed to handle the
OPF problem [6]-[8]. Recently, the research in OPF such
as interior point (IP) using new optimization techniques,
has been gaining wider attention in power system
operation [9], [10]. The interior point method is faster and
more reliable for achieving feasibility and convergence.
Due to the limitation of IP, the model of discrete variable
such as phase shifter has not been investigated in the
common OPF.

Heuristic algorithms, such as genetic algorithms (GA)
[11] and evolutionary programming [12], have been
recently proposed for solving the OPF problem. The
results reported were promising and encouraging for
further research in this direction. Unfortunately, recent
research has identified some deficiencies in GA
performance [13]. This degradation in efficiency is
apparent in applications with highlyepistatic ~ objective
functions, i.e. where the parameters being optimized are
highly correlated. In addition, the premature convergence
of GA degrades its performance and reduces its search
capability.

Recently, a new evolutionary computation technique,
called particle swarm optimization (PSO), has been
proposed and introduced [14-17]. This technique
combines social psychology principles in socio-cognition
human agents and evolutionary computations. PSO has
been motivated by the behavior of organisms such as fish
schooling and bird flocking. Generally, PSO s
characterized as simple in concept, easy to implement,
and computationally efficient. Unlike the other heuristic
techniques, PSO has a flexible and well-balanced
mechanism to enhance and adapt to the global and local
exploration abilities.

This paper presents an IPM-EPSO (Evolutionary
Particle Swarm Optimization) integrated hybrid approach
to study the OPF with SSSC for removing line overloads.
The objective functions of OPF include fuzzy logic
composite criteria, and combined fuzzy severity index
and real power loss. The proposed approach is examined
with the IEEE 30-bus test system with 1 SSSC at a time.

Il.  FACTS DEVICES

FACTS technology is proven to be a promising
solution for various power system problems. FACTS
devices (especially series FACTS devices such as TCSC,
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SSSC) are considered one such technology that reduces
the transmission congestion and allows better utilization
of the existing grid infrastructure, along with many other
benefits [18]. Various issues associated with the use of
FACTS devices are proper location, appropriate size and
setting, cost, modeling and controller inter- actions. This
paper deals with the optimal setting aspect of the series
FACTS device such as SSSC, especially to manage
congestion in the deregulated electricity markets.

The location of FACTS devices can be based on
static or dynamic performances of the system. The
sensitivity factor methods are generally used to find the
best location to enhance the static performance of the
system. In [19], an overload sensitivity factor (power
flow index) is used for optimal location of series FACTS
devices (i.e. TCSC and TCPAR) for static congestion
management. A loss sensitivity factor method is used in
[20] to determine the suitable location for FACTS
devices. For large systems, the enumerative approach is
not practical given the large number of combinations that
have to be examined. In [21] the Tabu search method and
in [22] the Genetic algorithm is used to solve the
combinatorial (i.e. to determine number and location)
problem of FACTS device allocation. However, these
methods are computationally demanding and less reliable.

1) Equivalent circuit of SSSC

The equivalent circuit of SSSC is as shown in the fig.1.
A SSSC usually consists of a coupling transformer, an
inverter and a capacitor. SSSC will be connected in series
with a transmission line through a coupling transformer.
In steady-state operation, the SSSC performs a similar
function to the static phase shifter; it injects voltage in
quadrature with one of the line end voltages in order to
regulate active power flow. However, the SSSC is a far
more versatile controller than the phase shifter because it
does not draw reactive power from the AC system; it has
its own reactive power provisions in the form of a DC
capacitor. This characteristic makes the SSSC capable of
regulating not only active but also reactive power flow or
nodal voltage magnitude. A schematic representation of
the SSSC and its equivalent circuit are shown in Figures
1(a) and (b), respectively.
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Figure 1. Solid state compensator (SSSC) system: (a)

voltage source converter (VSC) connected to the AC network using a
series transformer and (b) series solid state voltage source

The series voltage source of the SSSC may be
represented by

Er =V (COSO, + jSINd) 1)
The magnitude and phase angle of the SSSC model are
adjusted by using any suitable iterative algorithm to

satisfy a specified active and reactive power flow across
the SSSC. The maximum and minimum limits will exist

for the voltage magnitudeV, , which are a function of the

SSSC capacitor rating; the voltage phase angle d can

take any value between 0 and 2 7z radians.
The active power flow constraint is as in egn. (2)

ified
PJI _ Pj?peCI e — 0 (2)

fied
where PP

The reactive power flow constraint is as in egn. (3)
jS _ stipeciﬁed — 0

where Q J§ipecmed

is specified active power flow.

@)
is specified reactive power flow.

The equivalent voltage injection V /6, bound
constraints are given in eqns. (4-5)
min max
VcR SV(:R SVcR

min max
Or SO <O

(4)
®)

This paper presents a new methodology for network
overload alleviation using fuzzy logic composite criteria
and optimal setting of series FACTS device such as SSSC
under network contingency conditions. The proposed
methods are applicable to any type of series FACTS
devices; however, in the paper they are used to optimal
setting of SSSC.

The rest of the paper is organized as follows: Section
3 describes the fuzzy logic composite criteria for the
determination of overall system severity index. Section 4
presents the formulation of OPF incorporating SSSC and
the solution approach used to solve OPF. The proposed
placement methodologies for series FACTS devices in
the modern power system described in Section 5.
Numerical results along with some observations and
discussions are presented in Section 6. Finally, the major
contributions and conclusions of the paper are
summarized in Section 7.
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I1l.  Fuzzy Locic CoMPOSITE CRITERIA

The pre/post-contingent quantities are first expressed
in fuzzy set notation before they can be processed by the
fuzzy reasoning rules [23].

1) Line Loadings

Each pre/post-contingent percentage line loading is
divided into four categories using fuzzy set notations:
Lightly Loaded (LL), 0-50%, Normally Loaded (NL), 50-
85%, Fully loaded (FL), 85-100%, Over Loaded (OL),
above 100%.

The output membership functions to evaluate the
severity of a pre/post -contingent quantity are also
divided into four categories using fuzzy set notations:
Less Severe (LS), Below Severe (BS), Above Severe
(AS) and More Severe (MS).

After obtaining the severity indices of all the lines the

Overall Severity Index (OSI |, ) of the line loading for a
particular line outage is obtained using the wing

expression.

osl,, => wy, Sl

where W, = Weighting coefficient for a severity
index,

Sl = Severity Index of a pre/post -contingent
quantity

The weighting coefficients used for the severity indices
are

W = 0.25 for LS, 0.50 for BS, 0.75 for AS and 1.00
for MS

The effect of these weighting coefficients is that the
overall severity index is first dominated by fourth
category of severity index (MS) next by third, second and
first category of severity index respectively. Thus the
overall severity index reflects the actual severity of the
system for a pre/post contingency condition.

2) Bus Voltage Profiles

In this case each pre/post-contingent bus voltage
profile is divided into three categories using fuzzy set
notations: Low Voltage (LV), below 0.9pu, Normal
Voltage (NV), 0.9-1.02pu and Over Voltage (OV), above
1.02pu.

The output membership functions used to evaluate the
severity of a post -contingent quantity are also divided
into three categories using fuzzy set notations: Below
Severe (BS), Above Severe (AS) and MS (More Severe).
After obtaining the severity indices of all the voltage

profiles the Overall Severity Index (OSlyp) of the bus
voltage profiles for a particular line outage is obtained

using the expression

OS'VP ZZWVP SIVP
The weighting coefficients used for the severity indices

are
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W, =0.30 for BS, 0.60 for AS and 1.00 for MS.

3) Voltage Stability Indices

Each pre/post-contingent voltage stability index is
divided into five categories using fuzzy set notations:
Very Low Index (VLI), 0-0.2, Low Index (LI), 0.2-0.4,
Medium Index (Ml), 0.4-0.6, High Index (HI), 0.6-0.8and
Very High Index (VHI), 0.8 above.

The output membership functions to evaluate the
severity of a pre /post -contingent quantity are also
divided into five categories using fuzzy set notations:
Very Less Severe (VLS), Less Severe (LS), Below
Severe (BS), Above Severe (AS) and More Severe (MS).

After obtaining the severity indices of all the voltage
stability indices the Overall Severity Index (OSlys) of
the bus voltage stability index for a particular line outage
is obtained using the expression

OSIVS.:ZW\,Sl Sl

The weighting coefficients used for the severity indices
are

W5, = 0.20 for VLS, 0.40 for LS, 0.60 for BS, 0.80
for AS and 1.00 for MS

TABLEI
FUzzY RULE BASE FOR DETERMINATION OF SEVERITY INDEX

Line Loadings

Input LL NL FL oL
Output LS BS AS MS
Voltage Profiles

Input | LV NV oV
Output | MS BS MS
Voltage stability Indices

Input VLI LI Ml HI | VHI
Output VLS LS BS AS | MS

4) Fuzzy Severity Index

The overall severity index is obtained using the parallel
operated fuzzy inference systems, as shown in Fig.2, for
the pre/post contingency operating conditions. The
overall severity index for line loading, voltage profiles,
and voltage stability indices are added and the sum is
used as the Fuzzy Logic Composite Criteria (FLCC).
Table | gives the fuzzy rules used for evaluating the
severity index.

IV. OPTIMAL POWER FLOW PROBLEM FORMULATION

The optimal power flow problem is a nonlinear
optimization problem with nonlinear objective function
and nonlinear constraints. The solution methods to
optimal power flow using conventional methods are the
widely used Newton method, gradient methods and
interior point methods. Handling of a large number of
different types of constraints is a limitation with these
methods.  Successful applications of evolutionary
programming methods like genetic algorithms,
evolutionary computation, PSO, etc. has reduced the
limitations of the conventional methods to a great extent.
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Figure 2 Parallel operated fuzzy inference systems

Problem variables

The OPF problem requires the solution of nonlinear
equations, describing optimal and/or secure operation of a
power system. The general OPF problem can be
expressed as:

Minimize
F(x.u), (6)
Subject to
g(x,u)=0, (7)
h(x,u) <0, )
where
x" =[5 V'], )
u' =[P Vg t'], (10)
F(x,u) the objective function,

g(x, u) a set of nonlinear equality constraints (power
flow equations), and
h(x, u), a set of nonlinear inequality constraints of
a vector argument x and u.

1) Obijective Functions

The following are the objective functions considered
for minimization.
Obijective Function 1:

. . NL
M1n(Ploss)=m1n(zGij (V2 +Vj2 —2V\V, cos §; ) (11)
i=1

Obijective Function 2:
Min J2=min(W1*FLCC+W2*Ploss) (12)
where W1 & W2 weights.

V. IPM-EPSO BASED HYBRID METHOD

1) Hybrid Method Combining IPM with EPSO

Basically, the hybrid method involves two steps. The
first step employs IPM to solve OPF approximated as a
continuous problem and introduced into the initial
populations of EPSO [24]. The second part uses EPSO to
obtain the final optimal solution. In initial population, all
individuals (obtained from IPM) are produced randomly.
The main reason for using the IPM is that it is often
closer to optimal solutions than other random individuals.

In the hybridization of IPM and PSO, the IPM
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generates best initial solutions from random initial
solutions and EPSO evaluate them by solving the OPF,
which vyields to the global optimal solutions for control
variables.

VI. RESULTS OF IEEE-30 BUS SYSTEM

The proposed approach has been tested on the standard
IEEE 30-bus test system shown in Fig. 3. The system line
and bus data are given in [25]. The system has six
generators at buses 1, 2, 5, 8, 11, and 13 and four
transformers with off-nominal tap ratio in lines 6-9, 6-10,
4-12, and 28-27. The minimum and maximum limits on
control variables along with the initial operating point are
given in [25].

28

29
13

30
14 19

s 2 21
o
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Figure 3. Single-line diagram of IEEE 30-bus system

Table Il gives the classification of buses into different
severity categories under the selected two most severe
network contingencies. From the Table Il it can be
observed that the proposed IPM-EPSO method is
effectively able to improve the security with both the
fuzzy logic composite criteria based objectives and
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SSSC.
TABLE Il. BUSES UNDER DIFFERENT SEVERITY CATEGORIES
Obijective Line Loadings Voltage Profiles Bus Voltage Stability Indices
Contingency | Function SSSC LS BS | AS | MS | BS | AS MS VLS LS BS AS MS
Location
Obijective Without 31 9 0 0 0 6 18 24 0 0 0 0
Function FACTS
1 With SSSC 31 9 0 0 0 9 15 24 0 0 0 0
Obijective Without 34 6 0 0 0 24 0 24 0 0 0 0
Function FACTS
2 With SSSC 35 5 0 0 0 24 0 24 0 0 0 0
Obijective Without 35 4 1 0 0 13 11 24 0 0 0 0
Function FACTS
1 With SSSC 34 6 0 0 0 8 16 24 0 0 0 0
Obijective Without 37 3 0 0 0 23 1 24 0 0 0 0
Function FACTS
2 With SSSC 37 3 0 0 0 23 1 24 0 0 0 0
[10] J. A. Momoh, L. G. Dias, S. X. Guo, and R. A. Adapa, “Economic
VII. CONCLUSION operation and planning of multi-area interconnected power

In this paper, a new IPM-EPSO hybrid method has
been presented to solve the optimal power flow problem
with a FACTS device. The proposed method introduces
the voltage source model of FACTS devices into a
conventional AC optimal power flow problem to exploit
the new characteristic of FACTS devices. Case studies on
IEEE-30 bus test system show the potential for
application of IPM-EPSO to alleviate the network
overloads with FACTS. It has been shown that the
FACTS device can effective improve the security of the

system under the selected network contingency
conditions.
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