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Abstract Optimal setting and location of Flexible AC
Transmission Systems (FACTS) devices are widely used in
enhancing power system security. The most effective
FACTS device is Unified Power Flow Controller (UPFC)
which has both series and shunt compensation. The
effectiveness of FACTS device over the mitigation of
security issues depends on its location and its parameter
settings. Hence, this paper presents Ant Colony
Optimization (ACO) methodology to optimally locate
UPFC to enhance power system security under single
contingencies (N-1 Contingency). The simulation is
carried out on IEEE 6 bus and IEEE 14 bus test systems
considering line over loads and bus voltage violations for
ensuring system security. This approach is twofold.
Initially, an N-1 contingency test is performed based on
severity ranking is done then UPFC is placed optimally
using ACO algorithm to mitigate the severity. Further to
validate the proposed approach the results are compared
with the conventional Non Linear Programming — Interior
Point (NLP-IP) technique.

Keywords  Contingency Analysis, Power Flow,
Unified Power Flow Controller (UPFC), Ant Colony
Optimization (ACO), Non Linear Programming — Interior
Point (NLP-IP)

1. Introduction

In the present day power scenario with the ever
increasing demand, the power utilities are looking for ways
to maximize the utilization of their existing transmission
system. This factor affects the system security to a great
extent [1]-[2]. Further, it is uneconomical to meet these
specifications using traditional approaches. Hence power
system engineers are continuously striving to improve
system security constraints such as thermal limits of

transmission lines and bus voltage limits under N-1
contingencies using modern technologies [3].

One solution to the above problem is to use Flexible AC
Transmission System (FACTS) devices. These devices not
only improve system security but also find many
applications in power system such as improvement of
system stability, damping oscillations and minimization of
transmission loss etc. Some of the commonly used FACTS
devices are Thyristor Controlled Series Compensator
(TCSC), Static VAR Compensator (SVC), Static
Compensator (STATCOM) and Unified Power Flow
Controller (UPFC) [4-8].In FACTS devices most
promising one is UPFC [9].

The major advantage of UPFC over other FACTS device
is, it is capable of controlling active power flow, reactive
power flow and voltage magnitude simultaneously or any
combination of them or to control none of them provided
no operating limits are violated [10].

The effectiveness of these devices depends upon its
location and its parameter settings. If these FACTS devices
are optimally located and tuned, it can redistribute the
power flow in the line thereby improving system security
[11]-[12]. Optimal location and optimal parameters
settings is a combinatorial analysis. Many researchers have
tested different optimization algorithms in the recent past
to mitigate power system problems using FACTS. The best
suited approach to such type of problems is to use Meta —
heuristics optimization algorithms such as Differential
Evolution (DE) [11],[14], Particle Swarm Optimization
(PSO) [31,[7], Genetic Algorithm (GA) [3],[15],
Evolutionary  programming [13],and Ant Colony
Optimization (ACO) [16].

In comparison with the reported meta-heuristic
algorithms, ACO has the advantage that if the input
changes dynamically, it can run continuously and adapt to
changes in real time. ACO Algorithm has been applied to a
broad range of hard combinatorial problems and proves to
be successful [17]. ACO is a population-based approach
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that is inspired by the foraging behavior of ants and their
inherent ability to find the shortest path from a food source
to their nest. The fundamental approach underlying ACO is
an iterative process in which a population of simple agents
repeatedly construct candidate solutions; this construction
process is probabilistically guided by heuristic information
on the given problem instance as well as by a shared
memory containing experience gathered by the ants in
previous iteration [18]-[20].

It is understand from available literatures, very few
research works has been reported based on mitigation of
power system security using UPFC with ACO algorithms.
Though ACO for UPFC in enhancing system security is
reported in [21], the objective is formulated considering
load ability limits alone without considering voltage
violations. Hence, this paper presents the application of
ACO technique to find the optimal location and parameter
settings of UPFC to enhance power system security
constraints such as thermal limits of transmission lines and
bus voltage limits under N-1 contingencies. The proposed
approach is twofold. Initially, an N-1 contingency test is
performed and severity ranking is generated. Then UPFC is
placed optimally using ACS algorithm to mitigate the
severity. The proposed approach is tested with IEEE 6 and
IEEE 14 bus test system. Further to validate the results, it is
compared with the conventional Non Linear Programming
— Interior Point algorithm which can handle large, sparse
problems, as well as small dense problems. The algorithm
satisfies bounds at all iterations. The algorithm can use
special techniques for large-scale problems [22].

Wi
Busk |

The remaining paper is organized as follows: Section 2
deals with overview of UPFC and ACO algorithm. Section
3 deals with the formulation of power system security
problem. Implementation of ACO for UPFC in power
system security enhancement is given in Section 4. Results
and discussions are given in Section 5. Finally conclusions
are drawn in section 6.

2. Overview of UPFC and ACO
Algorithm

The proposed ACO algorithm determines the optimal
location and the optimal parameters setting of the UPFC in
the power system network to mitigate the overloaded lines
and the bus voltage violations under N-1 contingencies.
Hence, this section deals with the power flow model of
UPFC and a brief about ACO algorithm.

2.1. Power Flow Model of UPFC

The UPFC is the most versatile FACTS controller for the
regulation of voltage and power flow in a transmission line.
Its modeling and integration for power flow studies were
reported in [9] and [23]. For convenience the schematic
diagram and equivalent circuit of UPFC referred from [23]
is reproduced in Fig. 1 and Fig 2 respectively. It consists of
two voltage source converters (VSC) one shunt connected
and the other series connected both sharing a single
capacitor as shown in Fig 1.
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Figure 1.

Schematic Diagram of UPFC
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Figure 2. Equivalent Circuit of UPFC

The voltage sources are

E =V, g(coso,p+ jsino,g)

. . (D
E.p =V .p(coso.p+ jsino.g)

Where ¥, is the controllable shunt voltage magnitude

5vR is the controllable shunt voltage angle

VC .g 1s the controllable series voltage magnitude

5cR is the controllable shunt voltage angle

E, is the shunt voltage source

E g is the series voltage source

Depending on the value of 5cR the mode of power
flow control is determined. If the terminal voltage has to be
regulated then 5cR should be in phase with the nodal
voltage angle Hk . If the phase angle difference between
§cR and 9k is 90° then it controls active power, acting
as a phase shifter. If O g is in 90° with the angle of line
current, then it acts as a variable series compensator. On
the other hand the magnitude of Vg determines the
amount of power flow to be controlled.

2.2. Overview of ACO Algorithm

Ant Colony Optimization [18]-[20] is based on the
natural behavior of ants which live together in colonies.
This approach is one among the viable method for
stochastic ~ combinatorial optimization. The main
characteristic of this model is positive feedback, distributed
computation and the use of a constructive greedy heuristic.
A simple ACO algorithm for finding the best possible route
(in terms of shortest distance) is given below

Initialization

The number of nodes'nzg', total number of Ants'm pg',

counters for time 'tAS' and number of cycles'NC,g',
initial pheromone value 'T ij' at every edge ’i-j' and
change in pheromone 'AT ij' are initialized.

Then calculate the visibility factor 7;j - Later all the ants
are randomly placed at every node creating a tabu list.
Ant Cycle

_ Move each ant from the corrgsponding node 'i' tonode
'J' with the probability Pyg;;” (£) as given in (2.3)

« B
Pysi* (0= )] ["”y)] 5 ifj < allowed, (2
> [m0] [%o]
keallowed,
' 1
where & and "' are parameters that control the

relative importance of trial versus visibility.

Enter thenode 'J' in tabu list and repeat this process for
(npg - 1) nodes.

Repeat the above process and fill the tabu list for all
'Mmyg  ants.

Pheromone Updating

Compute the length of the tour described by each ant.
Then update the change in pheromone level at every edge

'1-J' with the tour described by the k™ antie. 'L, as

given below

k Q if (i,j) e tour described by tabuy
ATij = Lk (3)
0 otherwise
where ¢ Q > is a constant and hence

ATij = ATij + ATijk
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For every edge compute the new pheromone level using
the formula

Tij(tastn) = p.7j(tag) + Aty &)

where © p ’ is the evaporation coefficient. Thus the trace of

ants is updated and the above process is repeated for
'NC,g' cycles after emptying the tabu list. The best route

at the end of 'NC,q' cycles is the shortest route.

2.2.1. Power System Security with UPFC Using ACO

In this paper the problem of power system security
considers the mitigation of transmission lines overload and
the voltage deviations within the proper limits, under N-1
contingency conditions. Hence the objective function from
[24] is as given below

©)

Sﬂ 2 Nbus 2
3 +W, Y (aV;)

t=1 tl ,max i=1

NL
Min(F)= W,,Z[

Where §,, is the complex apparent power flow in the
transmission line #

Sy max is the maximum permitted MVA limit

NL is the total number of transmission lines
AV; is the deviation in voltage given by

(Vref ,min—Vi
Vref ,min
AV; =40 if Vref ,min< Vi < Vref ,max

Vi—Vref ,max
Vref ,max

if Vi< Vref ,min

if Vref,min< Vi

\

Vref ,min is the minimum allowed voltage
Vref ,max is the maximum allowed voltage
Vi is the voltage at bus i

Subject to Equality Constraints

Yii

NI)II&
P - Py - [Vi| D5y [V[cos(0-5; +3)) =0
j=1

fori=1,2,3,...,Ny s i # slackbus

(6)

QGi - QDi T T (7)

Nhus

Vil X[y [V;[sinc@-5,+3;) | =0
j=1

fori=1,2,3,...,N} ;i # slackbus;i # P-V bus

Equ (6) and (7) is valid for all buses except for buses
connecting lines in which UPFC is installed. The equality
constraints for the line in which UPFC is connected are
given in [10]. Further, the inequality constraints for all the
power system components including UPFC is given below

Inequality Constraints

Po™" < P < Pg™ ®)
Q™" < Qg < Qg™ ©
™ < T, < T,™ (10)
V™ < Vg < Vg™ (D

V™" < Vg < Vg™ (12)
SR™" < Sp < S ™ (13)
Sg™" < Sp < Sp™™ (14)

Where P is the real power of generator |

Q; is the reactive power of generator |

Ty, is the tap ratio of k th transformer

2.2.2. Implementation of ACO for UPFC to Enhance
Power System Security

The flow chart for the proposed algorithm of ACO for
optimal location and parameter setting of UPFC to enhance
power system security is given in Fig 3. From figure it is
evident that initially all data including bus, line UPFC
parameters, constraints etc are given as input. Then for
each line outage, both base case (without UPFC) and
security enhanced case (with UPFC) using ACO and
NLP-IP is performed to minimize the objective function (1).
The results are saved and the same process is done for all
transmission lines.
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Read Bus, Line data, UPFC min-max
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and/for NLP-IP

Save the results

Check contingency
analysis is done for all
lines i.e C<=Total lines

Figure 3. Flow chart for security enhancement using ACO with UPFC

3. Simulation Results and Discussion

This section presents the results of Enhancement of
Power System Security with UPFC using ACO algorithm.
The proposed approach is tested with IEEE 6 and IEEE 14
bus test system. To validate the results, they are compared
with that of results obtained using Non Linear
Programming — Interior Point (NLP-IP) method. The data
for IEEE 6 and IEEE 14 bus system are considered from
[24] and [25]-[26] respectively. Load flow programs are
executed in MATLAB using MATPOWER [27] coding in
INTEL core 2 Duo CPU T5500@ 1.66 GHz processor
under Windows XP professional operating system.

The control parameter values for the ACO algorithm are:
Number of Ants 50; Number of cycles =300;
Pheromonone update constant = 20, Exploration constant =
1; Global pheromone decay rate = 0.9; Local pheromone
decay rate = 0.5; pheromone sensitivity = 1; visibility
sensitivity = 5.

The simulation results for the test systems are classified
into two cases: Case 1: IEEE 6 bus and Case 2: IEEE 14
bus.

3.1. Case 1: IEEE 6 Bus System

The IEEE 6 bus system consists of 3 generators, 11
transmission lines. There are 11 N-1 contingencies. The
results of performance index and ranking based on
overloaded lines and bus voltage violations for all N-1
contingencies are given in Table 1.

The Performance Index (PI) is the sum of Number of
Over Loaded Lines (OLL) and the number of Voltage
Violation buses (VV).

Line outage 8, 9 are ranked 1, line outage 2, 3, 5 are
ranked 2 whereas line outage 1, 6, 7 are ranked 3. The base
case (i.e. without UPFC) and security enhanced case (with
UPFC) with optimal location and parameter settings for
critical contingencies are performed and the results are
tabulated in Table 2.

From Table 2, it is evident that for line outage 8, without
UPFC the overloaded lines are 3,5,6 and 9 and with UPFC
the overloaded lines are line 3 alone but with lesser
overload percentage.
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Table 1. Rank for N-1 Contingency Analysis of Case 1
Lines OLL \'%A"
Outage line From PI=OLL+VV Rank
Bus To Bus Line No. Total Bus No. Total
1 1 2 2.3 2 - 0 2 3
2 1 4 13,5 3 - 0 3 2
3 1 5 1,2,6 3 - 0 3 2
4 2 3 - - - 0 0
5 2 4 2,6 2 4 1 3 2
6 2 5 3,5 2 - 0 2 3
7 2 6 3.9 2 - 0 2 3
8 3 5 3,5,6,9 4 - 0 4 1
9 3 6 3,56 3 6 1 4 1
10 4 5 - 0 - 0 0 -
11 5 6 - 0 - 0 0 .
Legend: OLL: Over Load Line, VV: Voltage Violation, PI: Performance Index
Table 2. Security Enhancement Analysis of Case 1
With UPFC
Without UPFC
ACO NLP-IP
Outage | 1 oo | vy | UPFC UPFC | 1L | %L | vy | UPFC UPFC 1 6L | %L | vw
Line location settings location settings
3 112.57
2 115.31
5 103.49 : Vvr=1.0493 3 . Vvr=1.001
8 6 |03 | - | Hmel0 b G 0001 10047 -1 LineS 1y 6001 g ii;'gi -
9 106.45 :
3 106.59
. Vvr=1.0341 117.68 | Bus ) Vvr=1.039 | 2 103.68 | Bus
? 2 }8(1)'1‘1‘ Bus6 | Line 10 1y 01254 | 7 6 | MmO I ye—o0001 | 3 | 13344 | 6
1 163.53 1 158.39 1 165.31
2 3 | 13872 | - Line 9 X":é'?;:i 3 | 13515 | - | Line7 X":é'gf; 3| 14884 | -
5 | 162,97 o= 5 | 11671 o= 5 117379
3 ; ig;;; ] Line 10 | Vvr=1.0500 1 13351 | Lines | Vvr0.989 1 33'(9); )
: Ver=0.001 2 105.68 Ver=0.001 2 :
6 117.21
2 155.48 . Vvr=1.0500 . Vvr=1.181 2 133.71 | Bus
3 6 | 10234 | BusA | Lined o 6001 13.08 - Line2 |y 0067 | 6 | 13002 | 4
) 2 105.40 Lineg | V10500 | 2 101.70 Liney | Vvi=0949 | 2 117.08
3 | 12182 ne Ver=0.001 3| 11801 | mne Ver=0.001 | 3 | 127.92 |
3 111.12 . Vvr=1.0500 ) Vvr=0.990 | 3 133.89
6 s oo | 0| Emel0 b G 6001 30102620 - LineT o b001 | s | 11180 |
; 3 105.66 Line 10 | Vvr=1.0274 |3 101.55 Line 10 | Vvr=0997 | 3 109.83
9 125.36 ) Ver=0.001 9 120.37 ) ! Ver=0.001 9 131.70 | ~

Legend: OLL: Over Load Line, %LL: Percentage Loading in Line VV: Voltage Violation

Similarly for other line outages with UPFC the number of overloaded lines and the percentage of overloading is lesser
when compared to the case without UPFC. To validate the proposed ACO based security enhancement it is compared with
NLP-IP method which is also furnished in Table 2. In all the cases the proposed method has obtained better optimal points
when compared to the traditional NLP-IP method. As a sample case the convergence graph for Case 1 with line 8 as

outage using ACO and NLP-IP is shown in Fig 4.
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Figure 4. Convergence Graph for Case 1 IEEE 6 Bus with Line 8 Outage
3.2. Case 2: IEEE 14 Bus System

The IEEE 14 bus system consists of 5 generators, 20 transmission lines. There are 20 N-1 contingencies. The results of
performance index and ranking based on overloaded lines and bus voltage violations for all N-1 contingencies are given in
Table 3.

Table 3. Rank for N-1 Contingency Analysis of Case 2

Outage line Lines - OLL w PI=OLL+VV Rank
From Bus To Bus Line No. Total Bus No. Total

1 1 2 2,57 3 12 1 4 1
2 1 5 1,5 2 (1 12 1 3 2
3 2 3 5,6,7 3 12 1 4 1
4 2 4 5 1 12 1 2 3
5 2 5 - 0 12 1 1 4
6 3 4 - 0 12 1 1 4
7 4 5 - 0 12 1 1 4
8 4 7 - 0 12 1 1 4
9 4 9 - 0 12 1 1 4
10 5 6 7 1 7,12 2 3 2
11 6 11 - 0 12 1 1 4
12 6 12 - 0 - 0 - -
13 6 13 - 0 - 0 - -
14 7 8 No feasible solution

15 7 9 - 0 7 1 1 4
16 9 10 - 0 12 1 1 4
17 9 14 - 0 12 1 1 4
18 10 11 - 0 11,12 2 2 3
19 12 13 - 0 12 1 1 4
20 13 14 - 0 12,13 2 2 3

Legend: OLL: Over Load Line, VV: Voltage Violation, PI: Performance Index
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From Table 3 it is understood that there are two rank 1 and rank 2 contingencies and three rank 3 contingencies. Hence for Case 2 IEEE 14 bus system for rank 1, 2 and 3 alone
security enhancement with UPFC is done and the results are tabulated in Table 4.

From Table 4, it is evident that for line outage 1, without UPFC the overloaded lines are 2,5 and 7 and with UPFC the overloaded lines are line 2,5,7 but with lesser over all overload
percentage.

In this case both the proposed method ACO and conventional NLP-IP obtains the same optimal points. For line outage 3, the over loaded lines without UPFC are 5, 6, 7 whereas
with UPFC using ACO the overloaded lines are 4, 5, 6 and with NLP-IP is 5,6 and 7. In this case also the overall overloading is lesser with the proposed method when compared to that
of NLP-IP.

Table 4. Security enhancement analysis of Case 2

With UPFC
Without UPFC
ACO NLP-IP
Qutage OLL | %LL |VV UPFC UPFC OLL | %LL Vv UPFC UPFC settings | OLL | %LL Vv
Line location settings location
2 264.82 2 263.11 2 263.11
1 5 1083214 | Bus12 | Line9 ng '8(2)? 5 100.12 Bus12 Line 9 \\;Z:é'gg? 5 100.12 Bus12
7 6.68 : 7 148.59 : 7 148.59
5 138.65 4 114.76 5 139.55
3 6 10637 | Bus12 | Line6 er;g'gﬁi‘ 5 11565 | Busl2 | Line? Zg r(;)()1.985 Ver | 108.52 | Busl2
7 103.13 : 6 108.52 : 7 100.26
1 121.51 . Vvi=1.003 1 121.59 . Vvi=0.978Ver | 1 121.59
2 5 156.75 Bus12 | Line 10 Ver=0.001 5 157.37 ) Line 10 =0.001 5 157.37 )
Bus7 . Vvr=1.059 . Vvi=0.984Ver
10 7 100.13 Bus12 Line 10 Ver=0.001 - - - Line 10 ~0.001 - - -
. Vvi=0.995 3 103.73 . Vvi=0.978Ver
4 5 13430 | Bus12 | Line6 Ver 0,001 X Lo Bus12 | Line5 0001 5 133.87 Bus12
Busl1 . Vvr=0.977 Bus 11 . Vvr=1.091Vcr
18 ) ) Busl2 Line 7 Ver=0.001 i i Bus12 | el =0.001 i ) )
Bus12 . Vvr=0.951 . Vvi=1.050Ver
20 - - Busl3 Line 7 Ver=0.001 - - Bus 12 Line 7 ~0.001 - - -

As a sample case the convergence graph for Case 2, IEEE 14 bus system with line 4 outage with ACO and NLP-IP is shown in Figure 5.
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Convergence Graph for IEEE 14 bus with Line 4 Outage
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Figure 5. Convergence Graph for Case 2, IEEE 14 bus with Line 4 Outage

4. Conclusions

In this paper, the ACO algorithm is proposed for
enhancing power system security using UPFC. The
proposed method shows the ability of finding optimal
parameters for UPFC location and settings to mitigate the
power system security problem. The simulation studies
carried out on both

IEEE 6 bus and IEEE 14 bus reveals that the proposed
method in most cases solves the problem of line
overloading and bus voltage violation and in some cases
reduces the percentage level of overloading in the lines. To
validate the ability of proposed method it has been
compared with the conventional NLP-IP method and the
results indicate that the proposed method is superior in all
cases.
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