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ABSTRACT:The management of power systems becoming more difficult than earlier because of increased
competition in the existing power systems as they are required to provide greater profit or to provide same service at
low cost and thereby increasing the duration of power systems operating close to security limits. So, a new solution to
such operational problems will rely on the upgrading of existing transmission corridors by using recent power
electronics controllers, known as Flexible Alternating Current Transmission Systems (FACTS) controllers. The power
flow through the line can be changed by varying the voltage magnitude at the two ends, the phase angle or the line
impedance. In this paper, the power injection model for thyristor controlled series capacitor and static VAr
compensator are provided with its incorporation procedure and optimal location identification procedures. The optimal
parameters of these controllers and system are identified using the developed gravitational search algorithm. The
effectiveness of the proposed methodology is tested on standard IEEE-30 bus test system with supporting numerical
and as well as graphical results.

KEYWORDS: Optimal power flow; Gravitational search algorithm; Non-convex fuel cost; TCSC; SVC; Optimal
location.

I.LINTRODUCTION

With past and current difficulties in building new lines and the significant increase in power transactions associated
with competitive electricity markets, there is a need to operate electric utilities closer to their limits. Hence, maintaining
system security is more than ever one of the main concerns for market and system operators. In this scenario, the
introduction of Flexible AC Transmission Systems (FACTS) has changed the face of power system operation by
effective control of power flow, increasing transmission line stability limits and thereby improving the security of
transmission systems. In addition to improvement of security of the system, FACTS controllers can minimize the
system active power loss which leads to an efficient utilization of existing power systems.

The setting and operation mode of FACTS devices together with the amount of the power dispatched for each
plant, can be adequately optimized by the use of customized security constrained optimal power flow programs [1]. In
[2], the authors proposed an OPF-based market clearing algorithm that accounted for voltage stability limits. The effect
of FACTS devices on the power system security according to proper control objective can enhance the power system
security [3]. The security constrained OPF program minimizes the pre-contingency objective function while observing
both the pre- and post-contingency system constraints [4]. FACTS devices enhances the static security and reduces the
power losses in a given power system [5].

Static security assessment of a power system copes with analyzing the system steady state operation after
disturbances. The ordering of insecure contingencies in terms of their severity is known as contingency ranking. The
severity of contingencies is assessed based on a performance index (PI). A mere and straight approach to this problem
would involve performing full AC load flow for each contingency event followed by operating limit violations has
been reported in [6-8]. Various Pl-based methods for contingency screening and ranking have been reported in
literatures [9-14]. These traditional approaches are hard to put through online due to high computational requirements.

FACTS devices which can control the parameters and variables of the transmission line, i.e. line impedance,
terminal voltages, and voltage angles in a fast and effective way. These FACTS devices not only improve the dynamic
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behavior more over enhancement of system reliability. However, the main function of FACTS is to control power
flows.

In this paper, the detailed analysis of the former literature reveals that incorporation of all the FACTS devices
for power flow management in transmission line. But, this paper describes the performance of one of series FACTS
device which is TCSC and one of shunt FACTS device which is SVC. In this chapter a method to determine the
optimal location of SVC and TCSC is suggested. A mathematical model of TCSC and SVC which is commonly
known as power injection model is presented. Power injection model of TCSC and SVC is associated with NR load
flow method to study the effects of device parameters and characteristics in power flow studies. The OPF problem is
solved with generation non-convex fuel cost as an objective is solved. Numerical analysis is carried out on standard
IEEE-30 bus system to demonstrate the performance of the TCSC and SVC.

1. OPERATING PRINCIPLE OF TCSC

TCSC is one of the series compensator; it can capable to control power flow in line, damping power
oscillations. Basic simple TCSC model is shown in Fig.1. TCSC is formed by connecting the capacitor in series with
the transmission line and thyristor-controlled reactor (TCR) in parallel with capacitor.

il

Fig.1 Model of TCSC

A. POWER INJECTION MODEL OF TCSC
The Fig.2 shows a = model of transmission line with TCSC connected between bus-k and bus-m [15]. Under
the steady state condition, the TCSC can be represented as a static reactance—j X . In the power flow equations the
controllable reactance X is directly used as the control variable.

Bus-k Zinr~Rient [Xgem Bus-m
I = I I
iBsh ifish

Fig.2 Transmission line with TCSC

The line data will be modified by placing TCSC in series with line. A new line reactance is given as follows

ol = Xpm — Xe 1)
Therefore new line admittance between buses k and m can be derived as follows
o1 _ 1
Ykm - Z/ - ka—l_j(ka*XC) (2)

km

12 !/ . / R m_‘ X m_X
Yim = Gim + JBn = R%nJr(J)((kich??) @)

o Rim
Glom = Rin'f'(X:m—Xc)z (4)
! _ (ka_XC)
Bim = — 7, 7(6m—Xor ©)
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Fig.3 Power injection model of TCSC

Due to TCSC, the change in line flow can be represented as a line without TCSC plus with power injected at
the sending and receiving ends of the line with device as shown in Fig.3. The active and reactive power injections at
bus-k and bus-m can be written as

PkTCSC = P — PTCSC VQAka — Vka[Aka COS((Skm) + ABkm sin(ékm)] (6)

PTCSC P PTCSC VQAka Vka[Aka COS(ékm) — ABkm sm(dkm)] (7)

QTCSC Qkm — fgSC ~V2ABrm — ViVi[AGrm sin(0gm) — A By, c08(0rm)]  (8)

Q%CSC = Q QTCSC VQABkm + V;CV [Aka sin(5km) + ABkm COS((Skm)] (9)
Where,

— XcR m(X —2X m)
AGlm = 532, 7K 10)

. —Xo(R2, +XcXpm—X2,)
AByn = (2 X250, (Ko — X)) (11)

TCSC device is modeled with power injection model so far by using the TCSC control variable. It is possible
to calculate the complex power injected S}, TCSC and STCS Cat bus-k and bus-m respectively.

STCSC PTCSC + ]QTCSC (12)
STCSC PTCSC + JQTCSC (13)
Then new power flow equations can be expressed by the following relationship
AP Hnew Nnew Ad
AV (14)
AQ new Lnew vl
here new mismatch vectors are
APZ — PSPEC PTCSC Pcalc (15)
AQ _ spec + QTCSC calc (16)
; =
Where, PP, Q" e’ are the classical speC|f|ed real and reactive powers, P75 QTCSC are the power

injection associated to TCSC devices, P,j“lc, Qzalc are computed using the power flow equations. Now modified
Jacobian matrix due to power injections of TCSC

TCSC TCSC
Hpew = H + 8P85 ; Npew = N + apav 4 17)
Jnew= I+ Mg 5 Ly = L+ =V (18)

H, M, N and L are the classic sub Jacobians

B. INSTALLATION COST OF TCSC
In this chapter device life time is considered for 15 years during the analysis.
The Installation cost (IC) of TCSC [15] is

[Cresc = SresexStesexI0 . g/, (19)
Where, Crcsc = 0.001552 — 0.7130S + 153.75  ;  $/kV Ar (20)
and Stosc = |Q2| — |Q1| MV Ar (21)
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Here, (1, () are the reactive power flows in the line without and with TCSC, ‘n’ is the device life time in
years (15 years).
C. DEVICE LIMITS
The following minimum and maximum limits are considered for TCSC reactance.
_O‘8lee < XTCSC < 0'2Xline b.u.

D. SELECTION OF OPTIMAL LOCATION FOR TCSC

The power flows of highest severe contingency are considered as base case. From these flows, the branch with
least power flow can be considered as the best location for the TCSC device. Because the transmission line has
inductive reactance where as the TCSC is a series controlled device which can provide a capacitive reactance so that
the total reactance of the branch which leads to the increase of loadability of the line where the device was located. The
objective is, to increase the power transfer capability of the transmission line. The power transfer capability of the
transmission line depends on the line reactance as well as bus voltages. Hence the loadability of the line can be
increased either by reducing line reactance or increasing voltage profile. In order to reduce the reactance of the
transmission line TCSC can be used. The voltage profile can be improved by injecting the reactive power at a particular
bus where the voltage is minimum. The optimal location of the device is that where it gives maximum benefit for
optimal size of FACTS devices placed at selected location.

i. CONTINGENCY ANALYSIS

Usually, outage of one of the transmission lines can be considered as the contingency condition. This happens
due to many reasons; it may be because of maintenance of the transmission lines, environmental conditions, etc.
Because of this situation, the transmission lines get overloaded. This contingency analysis analyzes the system security
and gives future directions for the proper planning and designing. Because of this analysis, the preventive and
corrective measures under contingency conditions can be predicted. Usually, the contingency condition may be due to a
transmission line or a generator failure or a transformer failure. Out of which, transmission line failure plays an
important role to assess the power system security.

ii. PERFORMANCE INDEX AND RANKING

It is not required to consider each and every line outage to assess power system security. Because, for a
particular line outage, there are few lines and buses do not have line flow and voltage variations beyond the limits. If
there are any line overloads and bus voltage variations then the outage line is considered as critical line. The critical
lines or credible contingencies are identified by contingency analysis and only these critical lines need to be taken to
assess the power system security. A parameter which is known as performance index used for security analysis [16]. It
indicates how much a particular outage might affect the security of power system. In general the performance index
(PI) or severity index (SI ) is defined as

Niine 2m
Severity index = ) (%) (22)
I=1 t
Where, S, Slm“x are the MVA flow in line ‘I’ and MVA rating of the line ‘I’ respectively. ‘m’ is an integer
exponent taken as 0.5.
The line flows are obtained by using power flow solution method. In Eqn. (22), the performance index is
defined only based on over loaded lines.

11l. STATIC VAR COMPENSATOR (SVC)

The IEEE definition of the SVC is as follows: “A shunt connected static VAr generator or absorber whose
output is adjusted to exchange capacitive or inductive current so as to maintain or control specific parameters of the
electrical power system (typically bus voltage).”

SVCs are used in a given power systems to enhance the voltage levels so that system stability has been
improved.
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A. POWER INJECTION MODEL OF SVC
In practice the SVC can be seen as an adjustable reactance with either firing-angle limits or reactance limits
[17]. The equivalent circuit shown in Fig.3.4 is used to derive the SVC nonlinear power equations and the linearized
equations required by Newton‘s method. With reference to Fig.4, the current drawn by the SVC is

Isvc = jBsvcVi (23)
and the reactive power drawn by the SVC, which is also the reactive power injected at bus-i, is
Qsve = Qi = —V?Bsve (24)

It is a bank of three-phase static capacitors and/or inductors. Under heavy loading conditions, when positive
VAr is needed, capacitor banks are needed, when negative VAr is needed, inductor banks are used. In this thesis SVC
is modeled as an ideal reactive power injection at bus-i shown in Fig.4.

Bus-i

BSVC

Fig.4. Power injection model of SVC

B. INSTALLATION COST OF SVC
The Installation Cost (IC) [17] of SVC can be expressed as

CsvoxSsyex1000
[Csyc = =& 2sre= ; $/h (25)

Here, Cost of Installation of SVC is

OSVC’ = 0.00035’%‘/0 — 0.305153\/0 + 127.38 3 $/]{ZVA7”
Operating range of SVC (Sgvc) in MVAr is Ssvc=|Qsvc|
Where, Qs\c is the reactive power injected by SVC.

C. DEVICE LIMITS
The following limits are considered for SVC
—100 MV Ar S QSVC S 100 MV Ar

D. SELECTION OF OPTIMAL LOCATION FOR SVC
The SVC should be placed in an optimal location to enhance the system stability.

i. VOLTAGE STABILITY INDEX
The voltage stability index or L-index gives literally consistent results for voltage collapse prediction
compared to other methods [18]. The L-indices are computed for all the load buses. The L-index gives a scalar integer
to each load bus. The maximum of the L-indices gives the proximity of the system to voltage collapse. The benefit of
this method is the simplicity of the numerical calculation and clarity of the results. For the given operating conditions,
the voltage stability index is computed using load flow results and is given by

NG v
L= ’1 -yt (26)

Where, j = NG + 1,..., N B, V; and V; are the complex voltages of i and j"" bus respectively, F; are the
complex elements of the matrix [Fig].

The matrix [F_g] is obtained from the bus admittance matrix [Ypys].

If the L-index values for load buses are close to zero, indicates the system has maximum stability margin. If it
is close to one, indicates the system is close to voltage collapse.

The following procedure is used to identify suitable SVC location and incorporation procedure.

Stepl: Perform Newton Raphson load flow on a given system.

Step2: Obtain the system bus voltage magnitude values.

Step3: Calculate the Voltage Stability Index (VSI) at load buses.
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Step4: Place the SVC at the bus, where the VSI value is high when compared to other buses.
Step5: In this location, with SVC, the VSI value has been enhanced.

V. OPF PROBLEM FORMULATION

The aim of optimal power flow solution is, to optimize the selective objective function through proper
adjustment of control variables by satisfying various constraints. The OPF problem can be represented as follows:

Min [Ap(z,u)] 27)
subjected to g(, %) = 0and ki, < h(x, 1) < Apgg
Where,
Am (33, u) is the function which is to be minimized
¢} (I, u) h (CE, U) represents equality and inequality constraints
‘X’ and ‘u’ are dependent and independent variables

Optimal power flow solution gives an optimal control variable leads to the minimum generation fuel cost,
emission and total power loss etc. subjected to all the various equality and inequality constraints. Here the vector ‘x’

consists of slack bus real power output (PG1 ) generator VAr output (Qg) load bus voltage magnitude (VL> , line

flow limits (S7)
Thus ‘X’ can be written as,
xT = [PGN VL17 sy VLNL7 QG17 I QGNc;) 5117 ceey Slnl] (28)
Where,
NL=Number of load buses
NG=Number of generator buses
nl=Number of lines
u=is the independent variable vector such as continuous and discrete variables consists of
() Generator active output ‘P’ at all generators without slack bus
(i) Generator voltages Vg
(iif)  Tap settings of transformer ‘T
(iv) Shunt VAr compensation(or) reactive power injections Qc
Here PG, VG are continuous variables and T and QC are the discrete variables. Hence ‘u’ can be expressed as
ul’ = [PG27 SRR PGNG? VGl? RIS VGNca QCN ce ey QC”N Tla <. >TNT] (29)
‘NT’ and ‘nc¢’ re number of tap controlling transformers and shunt compensators.

A. NON-CONVEX FUEL COST
In general, the generating units are supplied with multiple valves for the steam turbines. Because of the valve-
point, the ripples and the non-linearities present in the operation of the generating units. Because of this valve-point
effect the generating units shows non-convex, non-smooth input-output characteristics. The conventional fuel cost
function can be modified as the non-convex fuel cost function and can be expressed as follows.

CZ<PG1) = azPéZ + bzPGl +c + ’61' X sin(fl- X (Pg:m — PGl)

(30)

Where, a;, b;, c; are the fuel cost coefficients of it" unit, P, is the active power generation of it" unit. e;
and f; are the fuel cost-coefficients of the i" unit reflecting valve-point loading effects.

Total fuel cost objective function is formulated by combining FACTS investment cost (ICracts) along with the
conventional fuel cost function. Because of the combining FACTS cost with fuel cost function, the system and the
FACTSs controller control variables are readjusted to optimize the combined fuel cost function. This objective function
is optimized while satisfying system operating, practical and the device limits. The modified fuel cost function with
device investment cost can be expressed as follows:

NG
Quadratic fuel cost with TCSC Acost = Z Oi(PG") + ICrcsc (31)
i=1
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G
Quadratic fuel cost with SVC Apost = %: Ci(Pg,) + ICsve (32)
i=1

K3

Quadratic fuel cost with TCSC & SVC Apoer = jic:; Ci(Pg,) + ICrcsc + ICsve (33)

=1
Where, ‘A, is the total generation cost, ‘C; (Pg)’ is the fuel cost function of the i unit, ‘Pg;" is the power
generated by the i" unit and ‘NG’ is the total number of generating units.

B. CONSTRAINTS
Constraints made in this OPF problem are usually two types. They are equality constraints and inequality
constraints.

i. EQUALITY CONSTRAINTS
These constraints mentioned in Eqgn. (29) are usually load flow equations described as

Nbu.s 34
m=1

Npus . (35)
QG,k - Qd,k - Z |Vl~c||V7n||}/;mn| Slll(ekvn - 513 -+ 5m) =0
1

m=

where ng, QG,k are the active and reactive power generation at the Eth pus, Py, Q4 are the active and
reactive power demands at the k' bus, |V}, |V, | are the voltage magnitudes at the k%" and m!" buses, dy,, 6,,, are the
phase angles of the voltage at the k™" and m** buses, and |Ykm|, 05, are the bus admittance magnitude and its angle

between the k" and m** buses.
ii. INEQUALITY CONSTRAINTS
These are the constraints represents the system operational and security limits which are continuous and
discrete constraints.

Generator bus voltage limits: VC?“” < Vg, < Vg}jm Vie NG
Active power generation limits: Pgim < Pg, < PR Yie NG

Transformers tap setting limits: Tmin < T, < Tme Vi € nt

Capacitor reactive power generation limits: Q’;}j” < Qsn, S QYT Vi€ nc

Transmission line flow limit: Sy, < S Vienl

Reactive power generation limits: QY™ < qu < Q@™ Yie NG

Load bus voltage magnitude limits: v <V, < Vet Ype NL

The control variables in this problem are self-constrained, whereas the in-equality constraints such as PGi, Vi,
QGZ., and Sli are non-self-constrained by nature. Hence, these inequalities are incorporated into the objective function

using a penalty approach [19]. The augmented function can be formulated as:
N L
Avug (@, 1w) = Alw, w) + B (Po, — PE)” + Re > (Vi — Viim)?
=1
NG . . nl . 36
b I S (Qa, — QU o+ Ry 35 (S, — Spen)? (30)

=1 i=1

where Ry, Rs, R3, and R4 are the penalty quotients, which take large positive values. The limit values of the

dependent variable 21" can be given as:

x, e < x< pmax
lim max T Z pmax

X = X
a:.vnzn7 T S prn

Where, ‘z!™" can be Pa,, Vi, Qa,
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V. GRAVITATIONAL SEARCH ALGORITHM

In this section, the developed optimization algorithm based on the law of gravity. In the proposed algorithm,
agents are considered as objects and their performance is measured by their masses. All these objects attract each other
by the gravity force, and this force causes a global movement of all objects towards the objects with heavier masses.
Hence, masses cooperate using a direct form of communication, through gravitational force. The heavy masses — which
correspond to good solutions — move more slowly than lighter ones, this guarantees the exploitation step of the
algorithm.

In GSA, each mass (agent) has four specifications: position, inertial mass, active gravitational mass, and
passive gravitational mass. The position of the mass corresponds to a solution of the problem, and its gravitational and
inertial masses are determined using a fitness function.

In other words, each mass presents a solution, and the algorithm is navigated by properly adjusting the
gravitational and inertia masses. By lapse of time, we expect that masses be attracted by the heaviest mass. This mass
will present an optimum solution in the search space.

The GSA could be considered as an isolated system of masses. It is like a small artificial world of masses
obeying the Newtonian laws of gravitation and motion. More precisely, masses obey the following laws:

Law of gravity: Each particle attracts every other particle and the gravitational force between two particles is
directly proportional to the product of their masses and inversely proportional to the distance between them, R. We use
here R instead of R? because according to our experiment results, R provides better results than R? in all experimental
cases.

Law of motion: The current velocity of any mass is equal to the sum of the fraction of its previous velocity
and the variation in the velocity. Variation in the velocity or acceleration of any mass is equal to the force acted on the
system divided by mass of inertia.

The gravitational constant, G, is initialized at the beginning and will be reduced with time to control the search
accuracy. In other words, G is a function of the initial value (Go) and time (t):

—at;
G(t) = G(0) x expl ™) (37)
Where, a is a constant, t; is the iteration number and ‘T’ is the total number of iterations.
Consider a system of N agents. The position of i agent is defined as
X;=(x},....2f,....20) 5 i=1,23,...,N (38)

For each position fitness function is evaluated.
VI. MATHEMATICAL CALCULATIONS
The parameters are calculated as per the following calculations.
A. CALCULATION OF MASSES
Let fiti(t) be the fitness function of i particle at t" iteration.

Now we introduce new variables worst(t) and best(t).
For a minimization problem, worst(t) and best(t) are defined as follows:

best(t) = min(fit;(t)) ; j=1,2,...,N (39)

worst(t) = max(fit;(t)) ; j=12,...,N (39b)
For a maximization problem, worst(t) and best(t) are defined as follows:

best(t) = max(fit;(t)) ; j=12,....,N (40a)

worst(t) = min(fit;(t)) ; j=12,....,N (40b)

Gravitational and inertia masses are simply calculated by the fitness evaluation. A heavier mass means a more
efficient agent. This means that better agents have higher attractions and walk more slowly. Assuming the equality of
the gravitational and inertia mass, the values of masses are calculated using the map of fitness. We update the
gravitational and inertial masses by the following equations:

My = My = My = M; (41a)
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_ fity(t)—worst(t)
mi(t) = 520 "worsi(h) )
M) = o o
gl my(t)

B. CALCULATION OF FORCE

For iteration t, we define the force acting on mass i from mass j as following.
d(4) — Mypi(t)Maj(t) (,.d d
Fij(t) = G(t) ”Riﬁ: (xj - xz) (42)
Where, M,;, M,; are the active and passive gravitational masses related to agent j, G(t) is gravitational constant
at iteration t, € is a small constant and Rjjis the Euclidian distance between two agents i and j given by
Ri;(t) = | Xi(0)X;(0)]]2 (43)
To give a stochastic characteristic to our algorithm, we suppose that the total force that acts on agentiin a
dimension d be a randomly weighted sum of d" components of the forces exerted from other agents:

N
Fi(ty= Y. rand;FL(t) (44)
j=L1,j#i

One way to perform a good compromise between exploration and exploitation is to reduce the number of
agents with lapse of time. Hence, we propose only a set of agents with bigger mass apply their force to the other.
However, we should be careful of using this policy because it may reduce the exploration power and increase the
exploitation capability.

We remind that in order to avoid trapping in a local optimum the algorithm must use the exploration at
beginning. By lapse of iterations, exploration must fade out and exploitation must fade in. To improve the performance
of GSA by controlling exploration and exploitation only the Ky agents will attract the others. Ky is a function of
time, with the initial value Kq at the beginning and decreasing with time. In such a way, at the beginning, all agents
apply the force, and as time passes, Kyt is decreased linearly and at the end there will be just one agent applying force
to the others.

Therefore, could be modified as:

N
Fit)y= > rand;F{(t) (45)
j:Kbestyj#i
Where Ky is the set of first K agents with the best fitness value and biggest mass given by
kpest = finalpe, + (1 — %) (100 — finalye,) (46)

Where, finalye is the percentage of particles remains at the end (generally 2). Since M is a function of m,
which is function fitness, in every iteration, one value of m is zero. Hence M is zero at this value of m. At this value of
M acceleration becomes an indefinite value from above equations. To obtain integer value of Ky, it is rounded in
terms of population. Hence we introduce another variable E which is defined as follows:

Fi M
Ej = 55 = Rijte (zf — 2f) 47)
N
Elt)= > rand; E4(1) (48)
Jj=1,j#i

C. CALCULATION OF ACCELERATION
Hence, by the law of motion, the acceleration of the agent ‘i’ at iteration t, and in direction d, is given as:
af = E{(t) x G(t) (49)
Furthermore, the next velocity of an agent is considered as a fraction of its current velocity added to its
acceleration. Therefore, its position and its velocity could be calculated as follows:
VAt + 1) = rand; x VA(t) + ad(t) (50a)

pd(t+1)=2(t) + VAt + 1) (50b)
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D. STEP BY STEP PROCEDURE OF GSA

The different steps of the proposed algorithm are the followings:

i).
ii).
iii).
iv).
V).
vi).
vii).
viii).
iX).

Search space identification.

Randomized initialization.

Fitness evaluation of agents.

Update G(t), best(t), worst(t) and M;(t) for i = 1,2,...,N.
Calculation of the total force in different directions.
Calculation of acceleration and velocity.

Updating agents’ position.

Repeat steps iii to vii until the stop criteria is reached.
End.

E. FLOW CHART OF GSA

The complete procedure of GSA is shown in flow chart Figure.5.

Generate mmitial population

|
v

Evaluate the fitmess for each agent

:

Update the &, bast and worst of the population

v

Calculate 44 and a for each agent

v

Update velocity and position

Meeting end of
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Fig.5 Flow chart of GSA
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VII. RESULTS AND ANALYSIS

In order to demonstrate the effectiveness and robustness of the proposed GSA method with TCSC and SVC,
IEEE 30 bus system is considered. The existing and proposed methodologies are implemented on a personal computer
with Intel Core2 Duo 1.18 GHz processor and 2 GB RAM. The input parameters of existing PSO method and the
proposed GSA method for the considered test system are given in Table. 1.

Table.1 Input parameters for test system

S. No | Optimization Method Parameters Quantity

Population size 5
Number of generations 100

1 PSO method Initial weight function, mmax 0.9
Final weight function, mmi, 0.4
Acceleration coefficients c;and ¢, 2
Population 50
Maximum iterations 100
Initial gravitational constant (Gg) 100

2 GSA method Decay constant (o) 5/10
Constant (g) 8.854x10%
Percentage of number of particles in final iteration 2
Rnorm 2

This section presents the details of the study carried out on IEEE-30 bus test system to analyze OPF problem.
The network and load data for this system is taken from [20]. In the IEEE 30-bus system consist 41 branches, six
generator buses and 21 load buses. Four branches 6-9, 6-10, 4-12 and 27-28 have tap changing transformers.

The buses with possible reactive power source installations are 10 and 24. As the SVC is a shunt controlled
FACTS device, the bus which suffers from high voltage stability index is required to install SVC. The VSI values at
load buses are given in Table.2.

Table.2. Load bus VSI values for IEEE-30 bus system

S. No. Bus Number VSl value
1 3 0.01318
2 4 0.01437
3 6 0.01268
4 7 0.01984
5 9 0.03657
6 10 0.07079
7 12 0.04427
8 14 0.06569
9 15 0.07047
10 16 0.06234
11 17 0.07342
12 18 0.08704
13 19 0.09232
14 20 0.08797
15 21 0.08226
16 22 0.08185
17 23 0.08409
18 24 0.09293
19 25 0.0927
20 26 0.10803
21 27 0.08475
22 28 0.0179
23 29 0.11342
24 30 0.13311
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From the above table, it is identified that, bus-30 has the highest VSI value and is suitable to install SVC,

because of this the VSI value has been enhanced. The respective variation of VSI values at load buses is shown in
Fig.6.

(:3 4 6 7 9 101214151617 18 192021 222324 25262728 2930
Bus number

Fig.6 Variation of VSI values for IEEE-30 bus system

From the base case analysis and from the power flows given in Table.3, it is observed that, the best location to
install TCSC is between buses 29 and 30 i.e. line-39. For this line, the actual thermal limits is 16 MVA but at the actual

flow is 3.753 MVA, there is a margin of 12.247 MVA for which we can increase the power flow.

Table.3 Power flows under base case for IEEE-30 bus system

LineNo | FromBus | Tobus | Line Flow(MVA) | Line Limit (MVA)
1 1 2 120.4917 130
2 1 3 58.0031 130
3 2 4 33.2879 65
4 3 4 54.0435 130
5 2 5 58.7088 130
6 2 6 44.5083 65
7 4 6 50.1597 90
8 5 7 10.064 70
9 6 7 30.3389 130
10 6 8 16.514 32
11 6 9 19.8451 65
12 6 10 12.4788 32
13 9 11 18.1698 65
14 9 10 29.2026 65
15 4 12 31.6852 65
16 12 13 21.4605 65
17 12 14 8.6429 32
18 12 15 20.8947 32
19 12 16 9.6173 32
20 14 15 2.1168 16
21 16 17 5.6389 16
22 15 18 7.1659 16
23 18 19 3.7849 16
24 19 20 6.438 32
25 10 20 8.8739 32
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26 10 17 5.8884 32
27 10 21 18.6425 32
28 10 22 8.8685 32
29 21 22 2.3894 32
30 15 23 6.9155 16
31 22 24 6.449 16
32 23 24 3.2819 16
33 24 25 1.3101 16
34 25 26 4.2621 16
35 25 27 3.5338 16
36 28 27 17.5636 65
37 27 29 6.411 16
38 27 30 7.2844 16
39 29 30 3.753 16
40 8 28 2.4462 32
41 6 28 15.6361 32

From the above analysis, the optimal location to install SVC is bus 30 and for TCSC is line-30 between buses 29 and
30. The further analysis is assumed by placing these devices in these locations.

In this, the results of optimized values for all control variables for minimization of non-convex cost objective
with proposed GSA method. The summary of test results with TCSC and SVC are given in Table.4 and it is observed
that the non-convex fuel cost is reduced by 0.6963 $/h with TCSC, 2.2745 $/h with SVC and 2.5771 $/h with both
devices when compared to without device. Similarly, the respective losses with all devices are also tabulated.

Table.4. OPF results of non-convex cost with SVC and TCSC for IEEE-30 bus system

S. Without With
No Control Parameters Device TCSC SVC TCSC& SVC
Pot 191.8449 193.8541 193.5638 192.9128
g5 _ Pe 41.41166 44.69628 43.73358 41.86696
) 8ES Pos 19.44287 20.63099 18.6279 19.91949
=23 Pes 18.95174 12.33587 15.53649 16.54543
g8 Pour 10.1208 10.7479 10.23062 10.13091
Pos 1 12 1 1
Vi 1.087533 1.067232 11 11
5a Voo 1.066829 1.045436 1.03549 1.078088
) 593 Vs 1.035831 1.027194 1.064572 1.05409
S=g VG8 1.051681 1.036143 1.079418 1.062661
o> Vou 1.059621 1.038693 1.005867 1.035137
Vou 0.965 1.044286 1.024848 1.016772
T Too 1.064279 1.013001 1.071545 1.098525
2 SE73 Teo 1.012959 0.944851 1.073251 1.066475
258 Tois 0.900387 1.01988 1.063123 1.059689
s = Tos07 1.010379 1.038715 1.012484 1.042249
Shunt Qcio 13.00939 15.25366 17.54817 14.56866
4 COT&‘i;'Zart)ors Qe 27.3251 25.60134 9.908207 20.72563
5 Xrese. P.U. - 0.04306 - -0.54648
6 Qsve, P.U. - - 0.161653 0.09982
7 Total generation (MW) 293.7719 294.2652 293.6924 293.3756
8 Non-convex fuel cost ($/h) 919.0168 918.3205 916.7423 916.4397
9 Total power losses (MW) 10.37194 10.86518 10.29237 9.975577
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The convergence characteristics of the proposed algorithm for all the cases are shown in Fig.7 and it
is observed that, in the presence of both devices, the iterative process starts with good function value and reached final
best value in more number of iterations when compared to without and with TCSC and SVC. This is because of solving
OPF in the presence of devices.

—6-Without device
R ~©-With TCSC
026 -8-With SVC
~4-With TCSC & SVC|

Non-convex fuel cost, $/h

80 100

20

40 &
Iterations

Fig.7. Convergence characteristics of non-convex fuel cost with SVC and TCSC for IEEE-30 bus system
The voltage magnitude at buses and power flow in transmission lines are tabulated in Tables.5 and 6.

Table.5 Voltage magnitudes of non-convex fuel cost with SVC and TCSC for IEEE-30 bus system

. . With
Bus No Without device TCse SVC TCSC & SVC

1 1.0875329 1.0672323 1.1 1.1

2 1.066829 1.0454359 1.07532283 1.0780879
3 1.0488611 1.041824 1.0760524 1.0723877
4 1.0396648 1.0354867 1.06990093 1.0654657
5 1.035831 1.0271936 1.06457235 1.0540897
6 1.0471897 1.03184 1.06941615 1.0627724
7 1.0350538 1.0223166 1.06018197 1.0518835
8 1.0626608 1.0781529 1.03614285 1.0516808
9 0.9976376 0.9982404 1.03071813 1.028138
10 0.9949036 0.9954162 1.03402061 1.0357508
11 1.0351372 1.005867 1.03869264 1.0596209
12 1.0000466 1.0032987 1.0263071 1.0639722
13 1.0167716 1.024848 1.04428576 1.0437303
14 0.9875959 0.9897917 1.0156023 1.0499289
15 0.9855917 0.9869283 1.01485286 1.0454751
16 0.9902374 0.9923601 1.02213375 1.0447945
17 0.987881 0.9888903 1.02500388 1.0331189
18 0.9760775 0.9771349 1.009241 1.0299237
19 0.9737439 0.9746333 1.00911275 1.0238337
20 0.9782076 0.9790029 1.01453826 1.0260375
21 0.9866779 0.9856788 1.02509383 1.0299071
22 0.9887405 0.9872691 1.02675475 1.0325272
23 0.9861203 0.9837747 1.01717307 1.0426908
24 0.9957352 0.9884088 1.02896357 1.0474619
25 0.991576 1.0029296 1.00439072 1.0323856
26 0.9734207 0.9849882 0.98647645 1.0149758
27 0.9977429 1.0206648 0.99774149 1.0313903
28 1.05935 1.0662622 1.03219929 1.046548
29 0.9763665 1.0041329 0.9774077 1.0117248
30 0.963496 0.9901982 0.96540756 1.0003498
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Table.6 Power flows of non-convex fuel cost with SVC and TCSC for IEEE-30 bus system

With
Line No Without Device :\_/:\n/]ﬁ
TCSC svC TCSC & SVC
1 129.72062 129.98318 130.06663 129.96273 130
2 62.676047 63.881141 63.580235 62.971618 130
3 35.482794 36.577984 36.53183 35.424483 65
4 58.479343 59.946656 59.751477 59.071727 130
5 64.906624 65.741618 66.839235 65.092596 130
6 46.694899 49.194169 49.242862 47.726074 65
7 59.070078 56.402109 56.936513 54.70456 90
8 12.429914 12.200081 13.299308 12.136396 70
9 35.01526 32.978503 34.224932 34.151859 130
10 20.200542 24.732648 32.066032 16.028732 32
11 27.261412 21.322228 19.411333 24.100922 65
12 12.644106 19.056115 13.090298 13.589651 32
13 18.481587 11.413092 10.829614 20.552983 65
14 28.794789 31.451068 29.796314 30.166714 65
15 55.356197 31.268768 31.375137 31.695705 65
16 19.581916 17.754857 19.480027 16.863335 65
17 8.4627118 7.5554198 7.8011614 7.714001 32
18 20.382717 17.789529 17.897069 17.894586 32
19 10.625902 6.6655132 7.3409381 7.1505419 32
20 1.9679646 1.6024049 1.3425409 1.4204654 16
21 6.5573527 4.1608701 3.4580666 3.4129431 16
22 7.9724355 5.3890587 6.1000114 5.9725717 16
23 4.7188563 2.3639937 2.7178458 2.5951039 16
24 5.9612556 8.5464904 7.4107962 7.5401119 32
25 8.3092974 11.060599 9.909392 10.044621 32
26 4.3419279 10.594933 7.8756604 8.3105576 32
27 15.376534 17.250187 16.202428 15.948482 32
28 7.3925739 8.2017114 7.3878205 7.4132869 32
29 10.573559 6.7980659 5.9618388 7.8759449 32
30 6.5911141 6.4291587 4.5499083 5.5529454 16
31 12.721398 9.1010564 5.7186834 8.8636175 16
32 4.5878989 5.7568066 2.6376752 4.6087458 16
33 5.3107403 7.5651175 3.974014 3.0558028 16
34 4.2599159 4.2641332 4.2643636 4.2661903 16
35 5.1807358 6.0540827 8.2724339 5.4862918 16
36 17.744443 16.735931 21.978144 19.606702 65
37 6.4080197 6.3396442 4.9754588 6.4883107 16
38 7.2807649 7.3818367 8.6193855 7.3829473 16
39 3.7521386 3.672334 2.3376268 3.8004672 16
40 2.0319771 1.048197 3.8667802 2.2629968 32
41 16.18306 16.872205 17.877928 16.998269 32

The variation of voltage magnitude at system buses and the power flow through the transmission lines are
shown in Figs. 8and 9.  From these figures, the voltage profile and transmission line loadings are enhanced in the
presence of both of the devices instead of single device.
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Fig.8. Variation of voltage magnitudes of non-convex fuel cost with SVC and TCSC for IEEE-30 bus system

—8—Without device
—6—With TCSC
—4—With SVC
—8-With TCSC & SVC|
- MVA limit

Power flows, MVA

S

' i L i L L i L i - = i L l i o AT L g
01 3 5 7 9 11131517192123252729313335373941
Line number

Fig.9. Variation of power flows of non-convex fuel cost with SVC and TCSC for IEEE-30 bus system

To support the effectiveness of the proposed method, obtained results are compared with the existing literature
methods. The comparison is given in Table.7. From this table, it is identified that, the proposed method yields good
results when compared to existing methods.

Table.7. Validation of SCOPF results of quadratic cost for IEEE-30 bus system

S.No Method Quadratic cost ($/h)
1 EP [21] 802.9070
2 TSISA[22] 802.7880
3 ITS [23] 804.5560
4 GA[24] 803.0500
5 Proposed GSA 802.7499

From the above analysis, it has been concluded that, because of including security constraints in SCOPF
problem, this problem is more efficient when compared to OPF problem. From this, it is assumed that, the further
analysis is performed using SCOPF only.

VIIl. CONCLUSION
In this paper, the OPF problem with new cost objective formulated by combining non convex fuel cost and
investment costs of TCSC and SVC is solved in the presence of TCSC and SVC while satisfying system, constraints
and device limits. The effect of these FACTS controllers on bus voltage magnitudes and line power flows has been
analyzed. The OPF results obtained in the presence of both TCSC and SVC are compared with that of the results
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obtained in the presence of individual controllers. The proposed methodology has been tested on standard IEEE-30 bus
test system.
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