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Abstract In this research paper, a framework for optimal reactive power planning
(RPP) in power transmission system is proposed. This is a comprehensive study
for the installation of FACTS (flexible AC transmission system) devices and the
minimization of operating cost. The locations for the equipment of FACTS devices are
determined depending upon a set of mathematical calculations and considerations.
Here, the operating cost is formulated as the sum of cost associated with real power
loss, reactive power generation of generators, cost during line charging, and FACTS
device cost. The control variables for RPP are addressed as optimization problem.
So, in order to facilitate the solution of RPP, hybrid algorithm is used in this article.
The proposed approach has been performed on standard IEEE 14 and IEEE 57 bus.
A comparative study has been done among the simulation results and much better
performance is noticed in case of hybrid algorithm.
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1 Introduction

Electric power transmission operators and planners have had immense concern on
the importance of reactive power in operation and planning problems. This concern
originates from the ever increasing load demands, uncertainty in voltage stability and
economic benefits by obeying the operational limits. Due to the insufficient flow of
reactive power (VAr) through the power line causes a measurable amount of active
power losses. Hence, the basic aim of reactive power planning (RPP) is to lower
power losses and total system operational costs. Added to that, RPP also defines
about the positions for VAr compensation devices, rating about the equipment, cost
components, and optimal set of control variables. The main control variables in RPP
are generator reactive power outputs, tap settings of transformers, size of the VAr
compensation devices etc.
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From decades, different solution techniques of RPP have been reported by the
power system planners and researchers. These solution approaches are mainly cate-
gorized in three different groups which are shown in Ref. [1]. Chattopadhyay et al.
[2] decided the installation places and sizes of the capacitors by analyzing the cost-
benefits in every buses. After that they decided the investment cost and calculated
total operating cost of the system. To find out the proper location of VAr sources
three different methods have been reported in Ref. [3]. Analysis of voltage security
margin, sensitivity of the buses, and benefit in cost was collectively determines the
optimal locations. In order to find out the discrete variables related to optimal reac-
tive power flow, authors used mixed-integer nonlinear programming (MINLP) in Ref.
[4]. Statistical approximation method was implemented to simplify the VAr plan-
ning model [5]. Thukaram and Parthasarathy [6] reported the monitoring strategy in
voltage stability. Here, L-indices were used to predict the voltage stability margins.
An improved-particle_swarm_optimization algorithm was to optimize the control
variables related to reactive power in Ref. [7]. To enhance the local search of the
variables, eagle strategy was adopted in this research article. To keep voltage secu-
rity margin stable, authors in Ref. [8] used the sensitivity of load margin dealt with
the generator reactive power output. Being a large-scale optimization problem, this
article implemented both PSO and conventional method in base case. Fuzzy-TLBO
method was implemented in Ref. [9] to optimize the reactive power control variables
under different load demand. In article [10], genetic algorithm (GA) based method
was reported for the management of system reactive power. The optimal value of Q-
generation of generators, shunt capacitors and transformer tap ratio was needed for
the calculation of minimum operating cost. In order to solve the nonlinear optimal
VAr dispatch problem differential evolution (DE) algorithm worked in Ref. [11].
Different soft computing techniques like PSO, big_bang—big_crunch (BBBC), crow
search algorithm, and teaching—learning-based optimization (TLBO) algorithm were
reported in Ref. [12] for lowering the active power loss as well as total operating
cost.

In this article, authors proposed an optimization based framework for RPP in
power transmission network. It is known that reactive power serves an important tusk
in power system, and it directly influences on the real power losses and operating cost.
Inside this research work, the operating cost is formulated as the sum of four different
cost components. The aim of this research is to minimize the all cost components.
Also, for the VAr compensation in the system, FACTS devices are installed with their
appropriate locations and sizes. The locations are defined through mathematical
analysis. The sizes of these devices are measured with the help of optimization
approaches. Since RPP is a nonlinear optimization oriented complex problem, the
authors also implemented hybrid optimization algorithms to find out an optimal
solution set.
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2 Problem Formulation

The aim of proposed RPP strategy is to get an optimized value of operating cost (O.C)
ensuring system stability. All possible VAr dependent cost components are formu-
lated within the objective function. Equation (1) represents the empirical equation
of O.C.

O.Cotat = Ccap + Ccracts + Cegg + Ceen (1
The cost associated with P, is calculated as

Ccap = Pp X energy rate
= P x (0.06 x 100000 x 365 x 24) 2)

The FACTS device cost Cpacrs is dependent on two separate cost components.
These components are Cgyc (cost due to SVC) and Crcsc (cost due to TCSC). The
price of these devices (Cpacrs) is calculated by following Eq. (3).

Cracts = Q? + QO +y 3)

Q represents the reactive power support from TCSC/SVC in MVAR. The cost
coefficient values (cx, 8, and y) of different FACTS devices [13] are given in Table
1.

The mathematical formula to calculate reactive generator power cost Ccqg 18

Ccqe = Qg * rate of Q_ generation cost

= Q¢ * (0.0068 x 365 x 24) “)
ng

06 =Y [ 02 (k) + by Qen(h) + ¢, 5)
k=1

It is mandatory in RPP that if any VAr support provided by the network is to
be identified, we must include the cost of that support in objective function. So the
authors proposed to include line charging cost [14] as a part of reactive power source.
Therefore,

Table 1 Cost coefficient

values for SVC and TCSC Coefficient Devices
svC TCSC
x 0.0003 0.0015
—0.3051 —0.7130
14 127.38 153.75
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Cceh = Qch X pu cost of reactive power during line charging
= Qcn x 11.6068 (6)

For any line (i—j), the expression for line charging reactive power is
Qc,f- = V2 YCh + V2ﬁ
Qch = Zch 1 ch j

So in a nut shell, the complete expression of the objective function in this article
is

Nfacts

Minimize, OCiw = Y Cep+ | Y Ceracts + Z Coqe + Z Ceen | ®)

Nfacts=1 ch=1

It is seen from the above equation that the objective function is a combinational
tusk associated with four different cost components. The technical characteristics of
this components are dependent on reactive power contributions to the system. Since
this paper aims for the planning of VAr so, Egs. (3), (5), (6), and (7) are directly
formulated with the term of VAr support. It is a common practice in case of RPP
that if any reactive power support is identified, then it should be consider during the
operation of objective function.

Constraints: In this article, following constraints are handled during the execution
of the proposed strategy. Equations (9) and (10) represent the equality constraints
while Eq. (11) expresses the equality constraints.

np
P(_‘,i — PDi = Vl Z Vj [Bij sin(deli - delj) + lGl‘j cos(deli — delj)] (9)
j=1

np
Qci — Opi = V; Z V; [IGU sin(del; — del;) — B;; cos(del; — del;)] (10)
j=1

Vérilin < VGI < vmax

Qmin < Qi < QI i =1,2,..,mp
tap™™ < tap; < tapM™™; i =1,2, .., 1y (11)
SVCIM™ < SVC; < SVC™; i =1,2, .., nge

TCSCMM < TCSC; < TCSCM™™; i = 1,2, .., Nyese
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3 Proposed Methodology

It is seen from the previous sections that RPP is a nonlinear optimization oriented
complex problem. So it is very hard to solve this problem in a single step. To obtain
the solution of the problem, successive operations have been rendered in this research
article. The steps for the execution of proposed strategy are given below.

3.1 Weak Bus and Line Detection

The optimal placement of VAr compensation devices is a prime concerns in RPP.
Many researchers have been reported different approaches in their research works. In
this research works, different mathematical methods are adopted for the detection of
weak positions in the system prior to the installation of SVC (static VAr compensator)
and TCSC (thyristor controlled series capacitor). The SVCs are installed at the weak
buses, and TCSCs are installed at weak lines. The weak buses are fixed up by using
Loss sensitivity analysis (LSA) [15], power flow analysis (PFA) [15], and modal
analysis (MA) [15]. The weak lines are detected through voltage collapse proximity
indication (VCPI) method [16], power flow analysis (PFA) method, and fast voltage
Stability Index (FVSI) method [16]. The weak positions for IEEE 14 bus and IEEE
57 bus are tabulated in Table 2.

Table 2 List of weak positions for test power networks

Modes of bus and line detection Weak bus positions

IEEE_14_Bus IEEE_57_Bus
Loss sensitivity analysis 13,14, 10 50, 53, 38, 35, 42
Power flow analysis 5,13,11 13, 15,47, 14,48
Modal analysis 4,7, 11 56,29, 13,11,43

Weak line positions

Fast voltage stability index 7,13, 12 22,47,37
Power flow analysis 7,12,13 24,13, 47
Voltage collapse proximity indicator 11, 12, 13 11, 14, 18
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3.2 Application of Evolutionary Algorithms

To explore the solution set of generator reactive power output, FACTS device
ratings and tap ratio (tap) of transformers different evolutionary algorithms and their
hybridizations have been applied. Here particle swarm optimization algorithm [17],
differential evolution algorithm [18], JAYA algorithm [19], hybrid PSODE, crow
search algorithm (CSA) [20], and hybrid CSAJAYA [16] have been used for the
optimization purpose.

The working mechanism of CSA mainly is similar to the food searching method
of crow. Also, this algorithm follows the intellectual behavior of the crow during
the storage of optimal values. In CSA, the random position of the decision variables
and their storage are expressed in Eq. (12) and (13), respectively. The position and
memory at iteration (iter) of ith element (ith crow) are denoted by X* " and M* ",
respectively.

xiert _ [ XU rand x NS (MBS — XD if ry = AP )
B a random position otherwise
ppiiter+l Xiiertl i £xbitrtlyig better than f (M) 13
| mte otherwise

Again if we have an objective function f(x), then the variables of this variables
are updated using JAYA algorithm as

Xi=Xjki+ rij.i (X pesti — ‘Xj,k,i|) — 12, (X worst,i — ‘Xj,k,i|) (14)

In Hybrid CSAJAYA, the positions are updated following Eq. (15) in search space.
The searching strategy mainly dependents on awareness probability (AP) and flight
length (fl) similar to CSA. The algorithm of CSAJAY is mentioned below.

Xi,iter + rand x ﬂi,iter % (Mj,iter _ Xi.iter) ifrj > AP
Xjni 411 (X jbesei — |Xj,k,i|) — 12, (X worst.i — |Xj,k,i|) otherwise
(15)

Xi,iterJrl _ {
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Algorithm Pseudo Code of CSAJAYA
Randomly Initialize a flock of N crows X, (i = 1, 2,.. ., N)
Evaluate the fitness of each crow
Initialize the memory of crows
While (itert<Max iter)
for each crow
Define an Awareness Probability (AP) and flight length (f1)
Generate a random number r;
ifr= AP
Update the position of crows using Eq.(12),
else
Update the position of crows using Eq.(14)
end if
end for
Check the feasibility of new positions
Calculate the fitness of all crows
Update the memory of crows using Eq. (13)
iter=iter+1
end while

return the best crow

4 Results and Discussions

The experiments for the proposed scheme was conducted in MATLAB domain using
Intel (R) Core i5 (2.9 GHz) processor. The proposed strategy was performed on IEEE
14 bus (system 1) and IEEE 57 bus (system 2) power network. In Table 3, the details
of the test networks are mentioned clearly. The aim of the proposed method is to
minimize the real power loss (PL) and system operating cost. The initial P; and
operating cost are 0.1339 pu and 7.0352 x 10°% $ in case of system 1 whereas for
system 2 these values are 0.2799 pu and 1.4708 * 107 $, respectively.

After the placement of SVC and TCSC, different optimization algorithms were
applied for the minimization of objective function. Different possible combinations
of FACTS devices have been tested to get an optimal solution of RPP. It is seen that
CSAJAYA produced better results in comparison to their optimization algorithms.
The results obtained from these possible combination are given in tabulated form.
Table 4 and table 5 represent the values of minimum PL and O.C obtained by using
hybrid CSAJAYA in case of system 1 and system 2, respectively. Table 4 describes
the optimal solution of objective function subject to IEEE_14 bus. From this table, it
is found that minimum loss and minimum cost are obtained as 0.1323 pu and 6.9563
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Table 3 Details of the IEEE standard test systems

N.

Karmakar et al.

System Test networks
specifications IEEE_14_Bus IEEE_57_Bus
Value Details Value Details

Total nodes/buses | 14 [21] 57 [21]

Total PV buses 4 5 [21]

Slack bus at node one 1 at node two
Load_buses (PQ) |9 0.95tol.1 p.u 50 0.95 tol.1 p.u
voltage range

Shunt capacitors 1 at bus 9 at bus 10 and 24
OLTC 3 atline9,11and 8 |4 atline 11, 12, 15, 36
Total control 13 - 31 -

variables

VAr range of Qmins Qmax | [21] Qmin, Qmax | [21]

alternators
Table 4 Optimal solutions for IEEE 14 Bus test networks

LSA PFA MA
PL (inpu) |Min. costof |Pp (inpu) |Min.costof |Pp (inp.u) | Min. cost of
operation ($) operation ($) operation ($)

VCPI |0.1323 6.9563 x 10 | 0.1326 x 108 0.1330 6.9911 x 10°
PFA | 0.1323 6.9664 x 10° | 0.1326 6.9697 x 10° | 0.1330 6.9914 x 10°
FVSI |0.1323 7.9563 x 10° |0.1326 6.9701 x 10% | 0.1330 6.9914 x 10°

x 10° $ while SVC was placed according to LSA method, and TCSC was installed
according to VCPI method.

From Table 5, it is seen that the combination of LSA and VCPI produced a
promising solution of active power loss (Pr) and O.C. The optimized solution of Py,
and O.C are 0.2503 pu and 1.3154 x 107 $, respectively, in case of IEEE 57 bus.
Figures 1 and 2 represents the convergence characteristics of P, in case of system
1 and 2, respectively. These characteristics shows the best results obtained from
corresponding algorithms.

Table 5 Optimal solutions for IEEE 57 Bus test networks
LSA PFA MA
PL (inpu) |Min. costof |Pp (inpu) |Min.costof |Pp (inp.u) | Min. costof
operation ($) operation ($) operation ($)
VCPI |0.25032 1.3154 x 107 |0.2527 1.3283 x 107 |0.2528 1.3288 x 107
PFA | 0.2563 1.3472 x 107 | 0.2564 1.3476 x 107 | 0.2530 1.3295 x 107
FVSI |0.25051 1.3164 x 107 |0.2518 1.3232 x 107 | 0.2582 1.3570 x 107
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Loss curve for IEEE 14 Bus
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Fig.1 Convergence characteristics of real power losses in case of system 1

Loss curve for IEEE 57 bus
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Fig. 2 Convergence characteristics of real power losses in case of system 2

5 Conclusion

In this research paper, optimization based approach was proposed for the planning
of reactive in power transmission network. For reactive power support, SVC and
TCSC were installed at weak positions. The weak positions for the placement of
these devices were satisfactorily determined through the mathematical computations.
During reactive power compensation, the bus voltages are improved within their
limits. Hybrid algorithms performed satisfactorily in searching space and generated
optimal set of control variables. The objective function was solved by using these
control variables and produced a promising solution of RPP.
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