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Abstract: Energy power flows are an important factor to be calculated and, thus, are needed to be
enhanced in an electrical generation system. It is very necessary to optimally locate the Flexible
Alternating Current Transmission Systems (FACTS) devices and improve the Available Transfer
Capability (ATC) of the power transmission lines. It relieves the congestion of the system and
increases the flow of power. This research study has been accomplished in two stages: optimization
of location of FACTS device by the novel Sensitivity and Power loss-based Congestion Reduction
(SPCR) method and the calculation of ATC using the proposed Metaheuristic Evolutionary Particle
Swarm Optimization (MEEPSO) technique. The Thyristor Controlled Series Capacitor (TCSC) is
used as a FACTS device to control the reactance of power transmission line. The effectiveness of
the proposed methods is validated, utilizing the six bus as well as 30 bus system. The acquired
outcomes are contrasted with conventional ACPTDF and DCPTDF procedures. These values are
determined with the assistance of MATLAB version 2017 on the Intel Core i5 framework by taking
two-sided exchanges and they are contrasted and values determined with the assistance of Power
World Simulator (PWS) programming.

Keywords: sensitivity and power loss based congestion reduction method (SPCR); DC power flow
sensitivity factor method; Reactive Power loss reduction method

1. Introduction

The power system has gone through a significant change in the most recent many
years. Previously, the electric industry has been either an administration controlled or an
administration directed industry, which existed as a syndication in its administration area.
The huge element of these progressions is to take rivalry among generators of power into
account and to make an economic situation in the business, which are viewed as important
in expanding the proficiency of electric energy creation and appropriation, and to offer
lower costs, higher caliber, and safer item. In the monopolistic structure, the generation,
transmission, distribution, and control in a region are overseen by one organization or
office that offered electric force and offered types of assistance to all clients, for example,
the power is considered as an energy flexible area. While, in the emerging restructured
competitive market, the different undertakings are isolated and they must be independently
paid by the executing parties, for example, the power is treated as an assistance area and it
is to be advertised as another normal ware. The transmission of power itself can be treated
as a particular assistance. There are qualifications in the deregulated structure and, along
these lines, there exist various game plans of open access to transmission frameworks. All
things considered, each restructuring plan must address the crucial specialized issues that
are related with the safe and solid activity of the transmission organization.
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1.1. General

A significant increase in power transfers involves non-discriminatory open access
to transmission networks and it has resulted in a range of technological challenges, in-
cluding the evaluation of the optimal Available Transfer Capabilities (ATC), to ensure
safe transactions.

The ATC indicates the power system’s ability to efficiently increase the transferred
power for commercial trading between two zones or two points. The conservative ATC
estimate may result in inefficient use of the transmission network. Accordingly, it has to
be rapidly and accurately calculated. The ATC value will direct the business behavior of
the participants in electricity markets with open access transmission and then develop the
transmission capacity to be used proficiently.

The assets must be pooled intensively for the tractability, steadfastness, and frugality
of the interconnected power networks. More than one line can be encumbered in the
transmission network during open access and, hence, causes congestion. The management
of congestion can be effectively achieved by convalescing ATC of the network. In addition,
mounting FACTS will increase the deployment of available system capabilities. The FACTS
is the use of devices for power electronics to control line flows. Even though the FACTS
arrangement involves hefty capital cost, the power system can be wrought in an additional
optimized manner, leading to enormous savings. The placement of such devices can be
an encouraging strategy to drop congestion of the transmission lines and to escalate ATC.
Consequently, there is an interest in learning the stimulus of these devices on ATC plus
optimally locating them to augment the transfer capabilities.

The transfer capability is the degree of the aptitude of organized electric networks
to change or transfer power efficiently from one region to another under defined system
conditions. The transmission transfer limits that are calculated to sustain the consistency
of the interrelated transmission networks are called “capabilities”. These limits vary
from “capacities”, because they are highly dependent on the conditions of the generation,
customer demand, and transmission system that are assumed to be analyzed during the
time, while “capacities” are usually used as a specific limit or equipment level, such as the
thermal limit or the rating of a specific transmission element or part. Figure 1 depicts the
ATC and related terms, which are forming the basis to schedule transmission services in
the open power market. These are briefed as:

Figure 1. Various terms for scheduling the transmission service.
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The Available Transfer Capability (ATC) is the amount of transfer aptitude that lasts
for the additional commercial operation over and beyond previously committed uses of the
physical transmission network. This can be deduced by subtracting Transmission Reliability
Margin (TRM), Capacity Benefit Margin (CBM), and current power flow from Total Transfer
Capability (TTC). The ETC is the sum of the current commitment to transmission between
those regions.

Total Transfer Capability (TTC) is the amount of transferable electric power over the
interconnected transmission network reliably satisfying pre- and post-contingency system
conditions. The TTC refers to the maximum transferable power from one area of power
control to the others that do not cause thermal overloads, voltage limit destructions, voltage
collapse, or any of the other system complications. Transmission Reliability Margin (TRM)
is the transfer capability that is necessary to for ensuring the interconnected transmission in
order to secure under a realistic range of uncertainties in the system conditions. It accounts
for the intrinsic ambiguity in the transmission system.

The Capacity Benefit Margin (CBM) is the quantity of transmission transfer capability
that is reserved by load-serving entities to ensure access to generation from interconnected
systems in order to fulfil the requirements of generation reliability. The CBM accounts for
uncertainty in the generation. Curtailability refers to the transmission provider’s right to
completely or partially interrupt the transmission service due to limitations that decrease
the capability of the transmission network, i.e., the cases where the reliability of the system
is endangered or emergency conditions exist. Recallability refers to the service provider’s
right to interrupt all or part of transmission service because of any reason, including
economic, which adheres to the FERC policy and provisions of the contract.

Non-recallable ATC (NATC) may be stated as TTC, excluding TRM and non-recallable
reserved transmission service. Recallable ATC (RATC) is expressed as TTC, excluding
TRM, recallable transmission service, and non-recallable transmission service (including
CBM). The control free power system is a larger area, and the literature explains different
operation and control aspects. Power market participants and competitive environment are
provided by the open-access transmission network which is due to the deregulation. The
FACTS devices are capable of changing the parameters of a system efficiently and quickly,
and it can suitably control the flow of power.

In the era of restructured power system, the independent system operator (ISO) is
responsible for controlling the power transactions and preventing the overloading of the
transmission lines beyond the permissible value of thermal loading in Mega Volt-Ampere
(MVA). The available transfer capability (ATC) needs to be updated by ISO to achieve
this. Therefore, a faster estimation is needed to estimate it quickly in order to provide the
real-time requirements apart from preserving the correctness to the desired level. The brief
review complements the work that was done by different researchers and identifies the
further scope.

1.2. Literature Survey

The transfer capability refers to the unutilized transfer capability of a transmitting
network that is available for transactions to the participants in the market. Its accurate and
fast estimation, including margins of transmission, remains the key factor in congestion
management and its planning [1].

Because power transmission amenities have some physical constraints, entire power
transactions cannot be acknowledged. Further, the expansion of new generation and trans-
mission facilities become hindered due to ecological constraints and economic contempla-
tions. Various methods have been reported earlier to estimate ATC based on conventional
power system equations. The methods that are based on DC load flow [2] involve less
computation complexity and are faster. The methods assume the network to be loss-free
and can only model real power flow (in MW). Moreover, voltage limits without being taken
care of are incompetent to deliver precise estimation when MVA flows are considered.
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The Continuation Power Flow methods (CPF) and Repeated Power Flows (RPF) repeat
a full-scale AC load flow solution per increment (over the basic case value) of the load at
the sink until any line in the system becomes over-loaded. In these methods, the impact
of voltage and reactive power has been accounted for. Although accurate computation
complexity is more while being implemented on a large system, and the optimal generation
is ignored. The methods that are based on optimal power flow (OPF) provide the optimal
settings of controllable variables by optimizing the objective function subjected to equality
and inequality constraints. The methods that are based on distribution factors [3] can
accommodate the scenarios that are near to the base case. For this purpose, the factors based
on power transfer/outage are derived. The linear ATC method [4] that is based on linear
distribution factors provides the approximate ATC value. The methods using sensitivity
indices [5] can quickly calculate ATC. However, accuracy cannot be maintained when
there are significant changes in the system. ATC can be estimated based on probabilistic
methods [6]. The probabilistic methods are suited for offline planning analysis.

The FACTS devices offer an active source of power transfer capacity enhancement
and they can also be used for the enhancement of transfer capability [7]. Although, the
degree to which ATC can be enhanced by FACTS controller is dependent on its optimum
position in the system. The various FACTS controllers, namely TCSC (Thyristor Controlled
Series Compensator), SVC (Static Var Compensators), STATCOM (Static Synchronous
Compensators), and UPFC (Unified Power Flow Controller), have been used for the
purpose in [8].

The TCSC offers a series compensation and comprises of a series capacitor bank
shunted by Thyristor Controlled Reactor (TCR). With the thyristors control, TCR is capable
of changing its reactance smoothly and quickly. TCSC’s static model is used in [9], as a
series reactance with the control parameter XT . Ghawghawe and Thakre [10] suggested
a criterion for determining the change in the reactance of TCSC, being necessary for
achieving the chosen transfer capability. The changes in the line flow and selection of a line
for the installation of TCSC is computed by the sensitivity analysis. Rashidinejad et al. [11]
presented a method for determining the optimal location and capacity of TCSC to surge
ATC along with the voltage profile. Gaur et al. [12] listed a procedure to recognize the
optimum location of FACTS controllers for TTC enhancement. Network strengthening
has been given by Huang et al. [13] with the aim of enhancing the ATC of an unified
power system with TCSC. Pankajam et al. [14] analyzed the viability and technical merits
of boosting ATC while using TCSC.

The shunt controllers, namely SVC and STATCOM, the Unified Power Flow Controller
(UPFC), have the capability of active power flow control and they also been investigated
for ATC improvement plus the application of SVC and TCSC in TTC improvement, while
taking static security limits into consideration [15]. Ibraheem et.al [16] deduced a proce-
dure, on the basis of stochastic programming, in order to improve ATC at the prescribed
interface using UPFC. Schnurr et al. [17] deliberated a sensitivity-based method to optimize
the location of multifunctional FACTS instruments and their capacity in ATC development.
Gupta et al. discussed the application of UPFC for the enhancement of static ATC [18].
Alam et al. [19] presented an improvement in transient stability, using different FACTS con-
trollers having various control strategies. Nireekshana et al. [20] applied FACTS devices for
the improvement of voltage profile along with maximum ATC bearing in mind low prices.

Various Artificial Intelligence (AI) techniques, which are emulating one or the other
life characteristic, have been evolved, due to the research on artificial life. Among these
techniques based on Artificial Neural Network (ANN), Fuzzy Logic, and Evolutionary
search algorithms are very popular and they are extensively used in the power system.
These techniques have also been used for the computation of transfer capability or the
allocation of FACTS devices.

Artificial Neural Networks (ANNs) possess the capability to produce compound
mappings precisely and quickly. Because of the toughness, speed, and capacity to handle
imperfect or noisy data, the ANNs have been used to estimate transfer capability [21–23].



Energies 2021, 14, 869 5 of 28

Moreover, the RBFNN can augment new training data without the need for retraining. The
static ATC using the RBFNN-based method has been determined in electric markets, with
bilateral and multilateral transactions. With the ability to adapt the wavelet shape, as per
the training data set and the higher rates of convergence, the wavelet neural networks
(WNNs) have shown their excellent performance in non-linear function modeling [24–26].

Fuzzy-based approaches deal with uncertainties that are always existing in power
system planning [27]. Fuzzy logic can solve non-linear problems at ease and it involves
less computation complexity [28,29]. The use of fuzzy logic for OPF has been discussed
in [30,31], whereas the fuzzy logic for ATC calculation was discussed by Ahmed et al. [32,33].
The Sugeno fuzzy model was used with three variables, namely sink busload, adjoining bus
injection, and a suitably defined loading-index to calculate ATC. With the small set of input
variables, the method can be applied for a large-scale power network. In order to determine
ATC during uncertainty, an algorithm of fuzzy set theory to CPF is presented by Kim et.al.
It can control concurrent doubts in the load limits and bus injections. The major ambiguity
factors that affect the ATC are regarded as fuzzy parameters that are conditional on their
feasibility distributions. The fuzzy logic is used in contingency constrained OPF [34] to
calculate the ATC. The minimization of both pre contingency operating costs and the post
contingency correction is attempted.

For the complicated nonlinear and non-differentiable objective functions, the population-
based heuristic search and optimization methods, for instance, Genetic Algorithm (GA),
Evolutionary Programming (EP), Particle Swarm Optimization (PSO), etc. search using a
population of solution optimally in the feasible domain. The GA and EP are the evolutionary
algorithms that are natural selection and survival of fittest based. These algorithms empha-
size the behavioral linkage between parents and their off-springs to search for an optimal
solution. The PSO is based on the social behavior metaphor and it has fast convergence.

These evolutionary algorithms have been applied for optimum power flow solu-
tions [35–41] forming a bidding strategy [42–44] under the deregulated environment and
transfer capacity evaluation. Othman et al. [45] described the application of evolutionary
algorithms in determining the capacity benefit margin (CBM) in a power system. The CBM
has been calculated by maximizing the total generation capacity. The EP performance is
enhanced by means of the improved Gaussian formulation for generating offspring.

The PSO is also used for various power system optimization purposes. Few of
these applications include the evaluation of optimal power flow [46], transient stability
constrained OPF [47], security-constrained OPF [48], reactive power dispatch [49], and
generator scheduling for congestion management. Kennedy [50] analyzed a particle’s
trajectory and generated a generalized model of the algorithm which consisted coefficients
to control the convergence tendencies of the system and suggested the methods for varying
the original algorithm.

Farahmand et al. [51] applied the Genetic Algorithm (GA) with the analytic hierarchy
process and fuzzy sets in the form of a hybrid experimental technique to improve the
location and capability of TCSC in order to improve ATC along with the voltage profile.
Karthiga et al. [52] analyzed the feasibility and technical benefits of furthering ATC by
Thyristor Controlled Series Compensator (TCSC) and the PSO algorithm has been applied
to optimize the settings of TCSC. Farahmand et al. [53] applied the Real Genetic Algorithm
(RGA) linked with Analytical Hierarchy Process (AHP) and fuzzy sets in the form of a
hybrid experimental technique for optimizing location and capability of TCSC in order to
improve the ATC in addition to voltage profile.

1.3. Gaps in the Research

The following paucities apropos optimal location of FACTS devices and enhancement
and comparison of ATC procedure have been recognized from erstwhile work and they
are emphasized in this article:



Energies 2021, 14, 869 6 of 28

• There is a lack of methods that can imbibe the quality of sensitivity factors and, at
the same time, prove that the reactive power losses are reduced and congestion is
minimized by reduction of real power [11,54,55].

• There is also dearth of approaches considering optimization of positioning of FACTS
device and, hence, increase of ATC [1,3,5,7–10,12,13,15].

• There is an absence of a comparison of intelligent techniques with the conventional
methods and power world simulator results. Additionally, there is very least literature
available on the use of Power World Simulator, an upcoming power system software,
like MATLAB [2,9,28–37,39–44,46,51–53,56,57].

1.4. Contributions

As per the identified gaps, the core methodological contributions of this study are:

• The placement and location optimization of FACTS device to increase the ATC. An
innovative method of determining the optimum location of FACTS devices while
using the Sensitivity and Power loss-based Congestion Reduction (SPCR) method
has been put forward. The Sensitivity and Power loss-based Congestion Reduction
(SPCR) method proposes a technique of finding the optimal location of FACTS devices
by adopting the technique of first calculating the sensitivity of all the lines in the
considered system and then observing the reduction of reactive and real power losses
in the most sensitive lines. The lines having reduced losses are verified again by
observing the reduction in real power flows. Because the reduction in power flow by
placing FACTS devices in these lines will ensure the increase of ATC in these lines and,
hence, there will be less congestion in the system. For this, the two factors viz., DC
power flow sensitivity factor, and Reactive Power loss reduction factor is calculated
when considering contingencies.

• The calculation of enhanced ATC. A new technique for optimizing the value of ATC is
proposed, namely MEEPSO (Metaheuristic Evolutionary Particle Swarm Optimiza-
tion). It is a metaheuristic technique, as it makes not many or no suppositions about
the issue being streamlined and it can look through enormous spaces of up-and-comer
arrangements. Additionally, MEEPPSO does not utilize the inclination of the issue
being advanced, which implies that it does not necessitate that the improvement issue
is differentiable, as is required by exemplary streamlining techniques. MEEPSO tech-
nique is used, which gives a higher rate of convergence and helps in optimizing the
value of ATC. The acceleration parameters c1 and c2 are elected, both equal to value 2
and inertia weights, wmin is fixed at 1, wmax is at 1.2, compensation is sustained at 50%.
The number of iterations is 200 and the number of particles is 50. The calculations are
executed beneath MATLAB 2017b milieu.

• Power World Simulator software is used for reckoning ATC besides the results are
compared with conventional techniques employing MATLAB software. MATLAB
software is a very well-established software, but, with time, pristine software should
be advanced. The authors have exploited the Simulator GOS Education 21 version
of Power World Simulator software to validate and authenticate the results achieved
from MATLAB.

1.5. Organization of Paper

In this paper, ATC is calculated while using the proposed MEEPSO technique and
the FACTS devices are optimally located with the help of the novel SPCR technique. The
attained consequences are judged alongside the outcomes of ACPTDF, DCPTDF techniques
in addition to Power World simulator results. The proposed results are relatively advanced
in terms of maximizing ATC and ominously minimizing congestion and noteworthy
decline in real power flow coupled with diminution in real and reactive power losses
and, hence, augmenting the ATC values. The results are assessed for six bus and 30 bus
systems. The organization of the paper is as follows: Section 2 defines the Problem and
Modeling used. This section covers the importance of ATC, ATC determination using
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Linear Sensitivity Factors, an algorithm for the calculation of ATC using ACPTDF, the
use of Flexible Alternating Current Transmission Systems (FACTS), Thyristor Controlled
Series Compensator (TCSC) explanation, the proposed SPCR method for optimally locating
FACTS devices, the building of algorithm and parameter choice of MEEPSO technique,
and then Power World Simulator is explained. In Section 3, the results are discussed and,
finally, in Sections 4 and 5, the Conclusion and Future scope are presented.

2. Definition of Problem and Modeling

The problem is defined as calculating the available transfer capability in the system
by using the ACPTDF technique. The values are improved by optimally placing FACTS
devices with the help of the proposed SPCR method in collaboration with the novel
MEEPSO algorithm. The results are calculated for six bus and 30 bus systems. Firstly, the
importance of ATC is defined in the following section.

2.1. Importance of Available Transfer Capability

The need for using Available Transfer Capability (ATC) [58] arises because of the
importance of most reliably delivering the power and also to give flexibility to change
the system as and when required. It is also of importance, so that the urge to enhancing
more installed generating capacity can be reduced. Mathematically, ATC gives the transfer
capability left in the physical transmission network for more commercial activity other
than the existing one. It is explained through the following equation:

ATC = TTC− TRM− ETC− CBM (1)

Where, TTC is Total Transfer Capability, TRM is Transfer Reliability Margin, ETC is
Existing Transmission Commitments, and CBM is Capacity Benefit Margin.

2.2. ATC Determination Using Linear Sensitivity Factors

The linear sensitivity elements have a potential for instantaneous calculation of ATC.
The use of these parameters provides an estimate, however, extraordinarily fast version
for the determination of static ATC. A fresh set of ac power transfer distribution factors
(ACPTDFs) for the determination of static ATC greater precisely is proposed in [1]. The
coefficient of the linear relation between the transaction amount and drift on a line is
termed Power Transfer Distribution Factor (PTDF). PTDFs decide the linear effect of a
transfer at the elements of the energy system. These values offer a linear approximation of
flow at the transmission lines and interfaces and also observe the change in response to the
transaction between the seller and the buyer.

It is based on the Newton Raphson load flow approach. In the AC method, change
occurs during line flow sensitivity factors. The calculation of line flows in the ac method is
given as:

Sij = Vi.I∗ij = Vi

[Vi −Vj

r + jx
+ j

ViBc

2

]∗
(2)

Sij = Pij+jQij (3)

Using the equation for the N-R Jacobian method:

∆Pij =
∂Pij

∂δi
∆δi+

∂Pij

∂δi
∆δj+

∂Pij

∂Vi
∆Vi+

∂Pij

∂Vi
∆Vj (4)

where Sij is complex power flowing between bus i and j, Pij is real
(
Sij
)

and Qij is imag
(
Sij
)
,

Vi is the voltage at the ith bus, Iij is the current flowing between buses i and j. ∆Pij is the

change in real power and
∂Pij
∂δi

is the incremental change in real power regarding the change
in angle.
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2.3. Algorithm for Calculation of ATC Using ACPTDF

The ac power transfer distribution parameters for calculating ATC are used to deter-
mine different transmission system quantities for a variation in MW transaction at variable
operating conditions. For instance, abilateral transaction between a seller m and a buyer
bus n.The algorithm for the calculation of ATC using ACPTDF is presented below. The
equations used in the process are described in the algorithm step-by-step.

• Step 1: Calculate the line flow sensitivity factors
• Step 2: Consider an n-node system having 1, . . . , g as PV buses and g + 1, . . . , .n as PQ

buses.
• Step 3: Bus 1 is the slack bus. Change in flow for an arbitrary line i− j can be evaluated

by sensitivity analysis, as follows:

∆Pij =
[

∂Pij
∂δ2

, . . . ,
∂Pij
∂δn

,
∂Pij

∂Vg+1
. . . ,

∂Pij
∂Vn

]


∆δ2
...

∆δn
∆
∣∣Vg+1

∣∣
...

∆|Vn|


(5)

• Step 4: Transacted Power is Pt between bus i to bus j:

∆Pm = +Pt (6)

∆Pn = −Pt (7)

• Step 5: By the N-R Load Flow:



∆δ2
...

∆δn
∆
∣∣Vg+1

∣∣
...

∆|Vn|


= [J]−1



∆P2
...

∆Pn
∆
∣∣Qg+1

∣∣
...

∆|Qn|


(8)

∆Pij =
[

∂Pij
∂δ2

, . . . ,
∂Pij
∂δn

,
∂Pij

∂Vg+1
. . . ,

∂Pij
∂Vn

]
[J]−1



0
...

+Pt
0
...
−Pt

0


= ACPTDFt ∗ Pt (9)

ACPTDFij,mn =
[

∂Pij
∂δ2

, . . . ,
∂Pij
∂δn

,
∂Pij

∂Vg+1
. . . ,

∂Pij
∂Vn

]
[J]−1



0
...

+1
0
...
−1
0


(10)



Energies 2021, 14, 869 9 of 28

• Step 6: ATC can be calculated, as given below:

Pmax
ij,mn =


Limitmax

ij −Pij
ACPTDFij,mn

; ACPTDFij,mn > 0

∞ (in f inite) ; ACPTDFij,mn = 0
−Limitmax

ij −Pij
ACPTDFij,mn

; ACPTDFij,mn < 0

(11)

ATCmn = min
{

Pmax
ij,mnij ε N1

}
(12)

2.4. Use of Flexible Alternating Current Transmission Systems (FACTS)

The FACTS devices refer to power electronics-based devices that are capable of en-
hancing the controllability and stability of the AC system and, hence, the capability of
transferring power is enhanced. Figure 2 shows the model of a transmission line with the
FACTS device. Transmission capacity can be enhanced by installing the FACTS device.
These devices require less maintenance and they do not experience much wear and tear.
But there are some limitations of cost and they are more complex in nature. The noteworthy
device from the assembly of FACTS is a TCSC, which finds use in resolving many problems
in the power system. Its properties can upsurge the transmission capacity of power lines
and control of power flow. It also makes available a varied range of supplementary uses
to safeguard the effective, uncomplicated, and cost-effective operation of power systems.
It is used to increase the capability of the transfer of power. TCSC finds application in
high power and power electronics of high efficiency. The FACTS device is preferred to
capacitors switched by circuit breakers, because these are more flexible and advanced. The
main controlling factor is XT. The range of XT is taken from 0 to 0.5 XT.

Figure 2. Model of Transmission line with Flexible Alternating Current Transmission Systems
(FACTS) devices.

2.5. Thyristor Controlled Series Compensator (TCSC)

The elementary Thyristor Controlled Series Compensator arrangement was suggested
in 1986 as a technique of “quick tuning of network impedance”. The TCSC can be described
as a capacitive reactance compensator that contains a series capacitor bank shunted by a
thyristor-controlled reactor to deliver a smooth adjustable series capacitive reactance. For
realistic TCSC applications, numerous such elementary compensators might be coupled in
series to obtain the preferred voltage rating besides operating characteristics. Although, the
fundamental notion after the TCSC structure is to make available an incessantly variable
capacitor while using partly annulling the actual reimbursing capacitance by the TCR. The
vital theoretical TCSC module includes a series capacitor, C, in parallel with a thyristor-
controlled reactor. Figure 3 shows the basic module of TCSC.
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Figure 3. The basic module of Thyristor Controlled Series Compensator (TCSC).

2.6. Optimal Location of FACTS Device Using Sensitivity and Power Loss Based Congestion
Reduction (SPCR) Method

The Sensitivity and Power loss-based Congestion reduction (SPCR) method presents
the method of finding the optimal location of FACTS devices by adopting the technique of
first calculating the sensitivity of all the lines in the considered system and then observing
the reduction of reactive and real power losses in the most sensitive lines. The lines having
reduced losses are again verified by observing the reduction in real power flow. Because the
reduction in power flow by placing FACTS devices in these lines will ensure the increase of
ATC in these lines and, hence, there will be less congestion in the system. Figure 4 shows
the flowchart of the recommended SPCR method.

Figure 4. The flow chart of the proposed Sensitivity and Power Loss Based Congestion Reduction
(SPCR) method.

The methods that are adopted for the Optimal Location of FACTS device are first the
DC power flow sensitivity factor method and second the Reactive Power loss reduction
method. These approaches are described below:
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2.6.1. DC Power Flow Sensitivity Factor Method

In the DC power flow sensitivity factor method, the optimal location of TCSC is
completed by espousing the procedure that deals with observing sensitivity of real power
flow. The parameter dqr gives the DC power flow sensitivity factor. It gives the loss
sensitivity concerning the control parameter Xij . The DC power flow sensitivity factor is
defined by the following equation:

dqr =
∆ fq

f 0
r

(13)

where q, r, and d are the line outage sensitivity factors. ∆ fq is the change in real power flow
on line q and f 0

r is the original power flow on line before its outage. In this method, the
sensitivity matrix [x] is calculated while using the dc load flow equation

θ = [x][P] (14)

The DC power flow sensitivity factor is calculated with the help of following equation:

dqr =

xr
xq

[
Xos − Xps − Xot + Xpt

]
xr −

[
Xoo + Xpp − 2Xop

] (15)

where r efers to the line that is at fault and it is linked amongst buses o and p, xq refers
to the reactance of the line at which TCSC is to be placed amongst buses s and t. Greater
sensitivity factors point toward greater reliance.

2.6.2. Reactive Power Loss Reduction Method

In this method, the optimal location of TCSC is done by adopting the methodology that
is grounded on finding the sensitivity of total reactive power loss. The parameter Cij gives
the reactive power loss sensitivity index. It gives the loss sensitivity concerning the control
parameter Xij. The following equation provides the reactive power loss sensitivity index:

cij =
∂QL
∂Xij

=
(

V2
i + V2

j − 2ViVjcosδij

) r2
ij − x2

ij(
r2

ij + x2
ij

)2 (16)

where Xij is the series reactance of the line with FACTS device located amidst i and j
buses. Here, the reactance of the FACTS device and resistance of the line is assumed to
be negligible.

2.6.3. Criteria for Finding the Location of TCSC:

The FACTS device must be located on the most sensitive line. The sensitivity indices
are calculated, and the measures used for its optimal placement can be defined as:

(a) Firstly, for the DC power flow sensitivity factor method, the TCSC device should
be located on a line comprising the highest positive DC power flow sensitivity
factor, dqr.

(b) Secondly, for the reactive power loss reduction method, the TCSC device should be
located on a line that comprises the highest positive reactive power loss sensitivity
index, Cij.

2.7. Metaheuristic Evolutionary Particle Swarm Optimization (MEEPSO)

The Metaheuristic Evolutionary Particle Swarm Optimization (MEEPSO) is a com-
putational technique that is optimized by iteratively attempting to improve a competitor
arrangement concerning a given proportion of value. It considers an issue by having a
populace of applicant provisions, known as particles, and then moving these particles
around in the inquiry space, as indicated by basic arithmetical formulae over the position
of molecule and its speed. The development of each is impacted by its locality’s most
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popular position, but, on the other hand, it is guided toward the most popular situations in
the inquiry space, which are refreshed as better positions are found by different particles.
This is required to push the swarm toward the best arrangements.

Particle Swarm Optimization (PSO) was initially credited to Kennedy, Eberhart, and
Shi [59,60], and it was first planned for reenacting the social conduct of birds and fishes [61].
The calculation after improvement was noticed to perform streamlining. Kennedy and
Eberhart, in book [62], depict many logical parts of PSO and swarm knowledge. A broader
overview of PSO applications is made by Poli [63,64]. Recently, Bonyadi and Michalewicz
dispersed a far-reaching audit on hypothesis and its test that takes a shot at PSO [65].

MEEPSO is a metaheuristic technique, as it makes not many or no suppositions
regarding the concern being rationalized and it can look through massive spaces of up-
and-comer arrangements. Additionally, MEEPPSO does not use the predisposition of the
issue being furthered, which suggests that it does not require that the development issue is
differentiable, as is required by exemplary streamlining techniques.

2.7.1. Building of Algorithm

A fundamental version of the MEEPSO algorithm works while utilizing a population
(called a swarm) of candidate answers (called particles). These particles are moved around
in the seek-space under some simple formulae. The movements of the particles are guided
via their personal satisfactory regarded function inside the seek-area in addition to the
whole swarm’s quality known role. When improved positions are being located, these will
then come to guide the moves of the swarm.

Formally, let f (Rn) be the function of R, which is the price characteristic that needs
to be minimized. The feature takes a candidate solution as a controversy in the form of a
vector of real numbers and it produces a real quantity as output that suggests the purpose
of the specified solution. The gradient f is not always recognized. The aim is to find an
answer ‘a’, for which

f (a) ≤ f (b) (17)

for all b in the search-space, which might suggest a as the global minimum.
Let S be the number of particles within the swarm, each having a role xi ε Rn inside

the seek-area and a pace vi ε Rn. Let pi be the best-acknowledged position of particle i and
allow g to be the great known position of the complete swarm. Figure 5 describes a simple
flow chart.

Figure 5. Flowchart depicting MEEPSO algorithm.
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The steps of the algorithm are described below:

• Step 1: for each particle i = 1 . . . . . . .S initialize the position of a particle with a
uniformly distributed random vector.

xi = U
(
blo, bup

)
(18)

• Step 2: initialize the best-acknowledged position of the particle to its initial position, pi.
• Step 3: if f (pi) < f (g), then update the swarm’s best-known position, g.
• Step 4: initialize the velocity of the particle.

vi = U
(
−
∣∣bup − blo|, |bup − blo

∣∣) (19)

while a termination criterion is not met.
• Step 5: for each particle i = 1, . . . , . . . , S and for each dimension d = 1, . . . , . . . , n, pick

random numbers rp, rg .
• Step 6: update the velocity of the particle,

vid = w.vid + ϕp.rp.(pid − xid) + ϕg.rg.(gd − xid) (20)

• Step 7: update the position of the particle.

xi = xi + vi (21)

• Step 8: if f (xi) < f (pi), then update the best-known position of the particle

pi = xi (22)

• Step 9: if f (pi) < f (g), then update the swarm’s best-acknowledged position.

g = pi (23)

The lower and upper limits of the search-space are the values blo and bup. The termina-
tion principle may be the number of reiterations completed or a solution where a satisfactory
objective function value is originated [50,61,64,65]. Being selected by the practitioner, the
variables w, ϕp, and ϕg control the behavior and efficacy of the MEEPSO method.

2.7.2. Parameter Choice

The choice of MEEPSO factors may have great influence on optimization performance.
Choosing parameters that yield sensible performance has, so far, been the topic of abun-
dant analysis. The MEEPSO parameters can even be tuned by using another overlaying
optimizer, a concept called meta-optimization, or perhaps fine-tuned throughout the op-
timization, such as throughout fuzzy logic. Parameters have been conjointly tuned for
various optimization eventualities.

The driving crescendos of every particle separately in the explored space is managed
through its present position and velocity that can be observed while using the probable
resolution in the problem space, whereby the existing velocity is governed with

• the previous velocity;
• the distance from the position where the particle attained its greatest fitness (personal

best, pbest); and,
• the distance from the particle that accomplished the best fitness among all of the

particles (global best, gbest).

The position of an individual particle is a probable solution, besides the respective
particle remembers the best position that it attains throughout the whole optimization
process (pbest). The swarm together learns the best position that is attained with every
particle (gbest).
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The position coupled with the velocity association after the ith iteration amongst any
two entities is attained through the subsequent updating expression:

v(i) = w ∗ v(i) + c1 ∗ r1 ∗ (pbest(i)− pos(i)) + c2 ∗ r2 ∗ (gbest− pos(i)) (24)

where v(i) = velocity of the ith particle. This parameter is checked for minimum and
maximum limits violation. If v(i) is less than the minimum value, then it is fixed at
the minimum value, and, if v(i) is more than the maximum limit, then it is fixed at the
maximum value. c1 and c2 are the acceleration factors and constants. They are not negative
constants. They regulate the comparative effect of the peculiar (local) and collective (global)
information on the effort of every particle, w is the inertia weight or function. r1, r2
are the autonomous consistently dispersed random variables around the span of (0,1),
pos(i) is the position of the ith particle. pbest(i) is the greatest preceding position of pos(i),
gbest is the finest global position that is attained through a particle surrounded by the
complete population.

The inertia function, w, stabilizes the local and global explorations throughout the
evolution procedure. At large, a huge inertia weight levied by the side of the primary
search stages lets the search space be exhaustively discovered. By steadily reducing the
inertia weight, further upgraded results are attained in the ultimate search stage. The
main aim of this adjustment is to circumvent early convergence in the primary explored
phases besides refining convergence to the global best solution throughout the concluding
examined phases. The perception of linearly declining inertia weight that is related to
MEEPSO is provided by:

w =
wmax − (wmax − wmin) ∗ ite

maxiter
(25)

where wmax and wmin are the highest and the lowest values of the inertia weight, is the
recent number of iterations, and maxiter refers to the highest number of iterations.

2.8. Power World Simulator (PWS):

The Power World Simulator is a platform for power system simulation that is designed
from scratch up to be manageable and highly communicating. The simulator has the
command for grave engineering investigation, but it is also so collaborating and user
friendly that it can be recycled to elucidate power system actions to non-technical spectators.
The simulator comprises numerous combined products. At its principal is a complete,
vigorous Power Flow Result engine that is skilled in efficiently explaining systems of up to
250,000 buses.

ATC can be determined while using PWS for a normal mode operation for different bus
systems (say six bus and 30 bus systems) in the case of normal and line outage contingency
mode operation, wherein the thermal limit is taken as constraint and reactive power as
constant. ATC may be determined for the bilateral and multilateral transactions. The IEEE
30 bus system comprised six generators and 41 transmission lines [65].

3. Results and Discussion

The procedure implemented for the intensification of ATC in this illustrated work
is analyzed on IEEE six bus and 30 bus systems. Regarding the FACTS device, TCSC
is optimally located by using the proposed SPCR technique. The MEEPSO algorithm is
applied for augmenting ATC after placing TCSC at an optimal location, using MATLAB
(R2017b, The Math Works, Inc.,) 64-bit Windows environment. The represented algorithm
has been carried out by taking, into account, the count of particles as 50 for maximum
iterations of 200, wmin is 1 and wmax is 1.2, c1 and c2 are both 2. The maximum amount
of TCSC compensation is 50% and the minimum is 0. The base MVA taken is 100 MVA.
All of the parameters are taken in per unit. The values are computed by exercising the
ACPTDF procedure. A comparison involving with and without TCSC, exercising the
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MEEPSO technique is monitored and examined with the DCPTDF technique and the values
of ATC are calculated with the help of the upcoming Power World Simulator software
(Simulator GOS Education 21 version) and MATLAB both. The work is divided in two
components, where the first part consists of optimization of location of FACTS device by
the novel Sensitivity and Power loss based Congestion Reduction (SPCR) method and the
second part comprises of calculation of maximum value of ATC while using the proposed
Metaheuristic Evolutionary Particle Swarm Optimization (MEEPSO) technique.

3.1. Placement and Location Optimization of FACTS Device to Increase the ATC

This case deals with the six bus system and 30 bus system. A standard IEEE system is
taken into consideration. The load flow is calculated using the Newton Raphson Method
and the base case values of ATC are calculated by the ACPTDF technique in the MATLAB
environment. Subsequently, TCSC is optimally placed by using the SPCR technique while
considering both the DC power flow sensitivity factor method and the Reactive Power
loss reduction method. The placement of FACTS device and its location optimization was
accomplished through the following steps:

• calculation of values of DC power flow sensitivity factor;
• evaluation of values of reactive power loss sensitivity index and reactive power losses

by placing TCSC;
• comparison of total reactive power losses plus real power losses on sensitive lines;
• judgement of total real power losses after placing TCSC on sensitive lines;
• assessment of real power flows besides reactive and real power losses at different

locations of TCSC;
• appraisal of total real power losses after placing TCSC on sensitive lines; and,
• comparison of real power flows at different locations of TCSC.

3.1.1. Case 1: 6 Bus System

When considering the six bus system having three generators and eleven lines, the
sensitivity indices for both the methods are calculated and sensitive lines are found. The
whole calculations are done under the MATLAB R2017b environment. The reactive power
losses, real power losses, and calculated line flow, after placing the TCSC at the location-
based upon the two criteria that are listed above, are shown below. The TCSC is used at a
50% compensation level. The outage of line 9 is considered. Table 1 shows the calculated
value dqr.

Table 1. Calculated values of DC power flow sensitivity factor, dqr.

Line No. dqr

1 0.013
2 0.004
3 −0.02
4 −0.53
5 −0.02
6 −0.03
7 0.584
8 0.475
9 0

10 −0.02
11 0.416

From Table 1 and applying the DC power flow sensitivity factor method, the lines hav-
ing the most positive value are sensitive. Hence, the sensitive lines are lines 1, 7, 8, and 11.
In this method, the outage of line 9 is considered.

Table 2 shows the calculated values of the reactive power loss sensitivity index. The
lines having the most positive values are sensitive, according to the reactive power loss
sensitivity index. Lines 1, 4, 10, and 11 are sensitive, according to Table 2.
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Table 2. Calculated values of reactive power loss sensitivity index, cij .

Line No. cij

1 −0.0006
2 −0.1533
3 −0.0901
4 −0.0007
5 −0.2363
6 −0.0457
7 −0.0762
8 −0.0821
9 −0.4504

10 −0.0005
11 0.0007

Table 3 shows the reactive power losses after placing TCSC in the sensitive lines. The
bold values are indicating the reduced reactive power losses (obtained by using TCSC)
than the original values of losses (obtained without using TCSC) when the TCSC is placed
in the sensitive lines. When TCSC is placed inline 1, reactive power losses are reduced on
lines 1, 2, 3, and 4. When it is placed in line 4, the reactive power losses are reduced on
lines 1, 2, 4, 8, and 9. Similarly, when TCSC is placed at lines 7 and 8, the reactive power
losses are reduced on lines 3, 5, 6, 7, 9, 10, and on lines 2 to 6, 8, to 11, respectively.

Table 3. Calculation of Reactive power losses by placing TCSC.

Line

Reactive
Power
Losses

without
TCSC

Reactive
Power

Losses with
TCSC Placed

in Line 1

Reactive Power
Losses

with TCSC
Placed in

Line 4

Reactive
Power

Losses with
TCSC Placed

in Line 7

Reactive
Power

Losses with
TCSC Placed

in Line 8

Reactive Power
Losses

with TCSC
Placed in
Line 10

Reactive
Power

Losses with
TCSC Placed

in Line 11

1 −4.058 −4.115 −4.061 −4.050 −4.052 −4.058 −4.051
2 −1.167 −1.234 −1.168 −1.164 −1.169 −1.162 −1.176
3 −3.680 −3.741 −3.667 −3.707 −3.717 −3.686 −3.755
4 −6.587 −6.588 −6.588 −6.585 −6.588 −6.587 −6.588
5 1.365 1.405 1.369 1.355 1.350 1.365 1.337
6 −2.530 −2.513 −2.520 −2.553 −2.567 −2.531 −2.603
7 −3.833 −3.823 −3.807 −3.924 −3.827 −3.836 −3.760
8 −2.586 −2.573 −2.603 −2.582 −2.651 −2.584 −2.690
9 3.225 3.226 3.197 3.096 3.183 3.227 3.398

10 −7.752 −7.751 −7.750 −7.756 −7.760 −7.753 −7.768
11 −5.820 −5.820 −5.820 −5.819 −5.830 −5.818 −5.851

After placing TCSC in lines 10 and 11, the reactive power losses became reduced on
lines 3, 6, 7, and 10 and lines 2 to 6, 8, 10, and 11 respectively. Table 4 shows the total reactive
power losses on these lines. It is clear from Table 4; all sensitive lines contain reduced
losses. However, in lines 1, 7, 8, and 11, the total reactive losses are reduced considerably.

Table 4. Comparison of Total Reactive power losses on sensitive lines.

TCSC Place (Lines) Total Reactive Power Losses
without TCSC

Total Reactive Power Losses
with TCSC

1 −33.425 −33.527
4 −33.425 −33.4214
7 −33.425 −33.690
8 −33.425 −33.627
10 −33.425 −33.4266
11 −33.425 −33.509
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Table 5, below, shows the real power losses that were calculated on sensitive lines 1, 4,
7, 8, 10, and 11. The real power losses are decreased in lines 1, 2, 3, 4, and 10 when TCSC is
placed at line 1. It is decreased in lines 1, 2, 4, 8, 9, and 11 when TCSC is placed at line 4.
The real power losses are reduced at lines 3, 5–7, 9, and 10 after placing TCSC at line 7.
After placing TCSC at line 8 and 10, the real power losses are reduced at lines 2–6, 8–11,
and lines 1, 3 6, 7, 10, respectively. Similarly, it becomes reduced on lines 2, 3, 5, 6, 8, 10,
and 11, after placing TCSC in line 11.

Table 5. Calculation of Real Power Losses at sensitive lines.

Line

Real Power
Losses

without
TCSC

Real power
Losses with

TCSC Placed
at Line 1

Real Power
Losses with

TCSC Placed
at Line 4

Real Power
Losses with

TCSC Placed
at Line 7

Real Power
Losses with

TCSC Placed
at Line 8

Real Power
Losses with

TCSC Placed
at Line 10

Real Power
Losses with

TCSC Placed
at Line 11

1 0.176 0.158 0.1742 0.180 0.179 0.1759 0.179
2 0.747 0.737 0.74698 0.748 0.747 0.74873 0.745
3 0.677 0.666 0.6802 0.670 0.668 0.67483 0.659
4 0.031 0.031 0.03078 0.031 0.031 0.03101 0.031
5 1.722 1.734 1.72399 1.717 1.714 1.72204 1.708
6 0.538 0.542 0.54154 0.531 0.527 0.53768 0.516
7 0.506 0.508 0.51544 0.476 0.509 0.50541 0.530
8 1.247 1.250 1.23884 1.249 1.218 1.24738 1.202
9 1.076 1.076 1.07032 1.050 1.068 1.07633 1.110
10 0.016 0.016 0.01701 0.015 0.015 0.01508 0.015
11 0.039 0.039 0.03937 0.042 0.037 0.03982 0.030

The total real power losses are reduced significantly when TCSC is placed at lines 1, 7,
8, 10, and 11 in six-bus system, as is clear from Table 6. The reduction in real power losses
in lines is significant in lines 7, 8, and 11.

Table 6. Comparison of Total Real power losses after placing TCSC on sensitive lines.

TCSC Place (Lines) Total Real Power Losses
without TCSC

Total Real Power Losses
with TCSC

1 6.77575 6.75901
4 6.77575 6.77867
7 6.77575 6.70832
8 6.77575 6.71365
10 6.77575 6.77421
11 6.77575 6.72544

Table 7 shows the values of real power flows, after placing TCSC at sensitive lines.
The real power flows are considerably reduced when TCSC is placed at lines 1, 7, 8, and 11.
When TCSC is placed at line 1, power flow gets decreased at line no. 1, as is clear from
Table 7. Similarly, when it is placed in line 7, the real power flows are decreased at lines 7
and 9. When TCSC is placed at line 8, power flow on lines 3, 5, 6, 8, 9, and 10 is decreased
and, when placed at line 11, it becomes reduced at lines 6, 8, and 10. The reduction of
real power flows suggests that the available transfer capability is increased in these lines.
The bold values shown in Table 7 are showing reduced power flows. The remarkable
reduction in real power flows is noticed when TCSC is placed at line 7, 8, and 11, as is
clear from Table 7. Many lines have observed lesser power flows when TCSC is paced at
three lines. This will result in relieving in congestion of these lines and, hence, allow these
lines to be able to transfer power more than already committed usage and will also prevent
overloading in the future. These results prove the efficacy of the proposed SPCR method in
optimally locating the TCSC to relieve congestion.
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Table 7. Comparison of Real Power Flows at different locations of TCSC.

Line

Real Power
Flow

without
TCSC

Real Power
flow with

TCSC Placed
at Line 1

Real Power
flow with

TCSC Placed
at Line 4

Real Power
flow with

TCSC Placed
at Line 7

Real Power
flow with

TCSC Placed
at Line 8

Real Power
flow with

TCSC Placed
at Line 10

Real Power
flow with

TCSC Placed
at Line 11

1 12.548 11.743 12.4813 12.619 13.882 12.5424 12.641
2 31.762 31.191 31.7434 31.787 32.262 31.8514 31.785
3 25.635 25.239 25.7463 25.543 24.258 25.5546 25.505
4 −2.293 −2.186 −1.7645 −2.601 1.5803 −2.3334 −2.193
5 43.440 44.000 43.5348 43.345 41.543 43.5864 43.262
6 17.222 17.408 17.376 17.082 14.769 17.1521 16.996
7 23.363 23.479 23.7377 22.82 25.135 23.3214 23.758
8 25.068 25.185 24.8182 25.154 19.097 25.0268 24.691
9 50.077 50.068 49.6172 49.684 44.755 50.0788 50.555
10 2.7340 2.7190 2.8072 2.6650 1.416 2.6596 2.5900
11 −1.819 −1.922 −1.7298 −2.026 1.671 −1.7787 −1.343

The variation of real power losses for the six-bus system has been represented in the
bar graph, as shown in Figure 6. It is evident from the graph that except in line 4, the
total real power losses are lesser after placing TCSC as compared with that of without its
placement. Among all of the considered lines, the seventh line has witnessed the minimum
total real power loss, which is about 6.70 MW.

Figure 6. Comparison of Real Power Losses at different transactions by various methods (six
bus system).

3.1.2. Case 2: 30 Bus System

This case deals with the 30 bus system. A standard IEEE system is taken into consider-
ation. The load flow is calculated while using the Newton Raphson Method and the base
case values of ATC are calculated by the ACPTDF technique in the MATLAB environment.
Subsequently, TCSC is optimally placed by using the SPCR technique while considering
both the DC power flow sensitivity factor method and the Reactive Power loss reduction
method. Further, the MEEPSO technique is used to enhance ATC after placing TCSC at an
optimal location.

When considering the 30 bus system having six generators and forty-one lines, the
sensitivity indices for both of the methods are calculated and sensitive lines are found.
The whole calculations are done under the MATLAB R2017b environment. The reactive
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power losses, real power losses, and calculated line flow, after placing the TCSC at the
location-based upon the two criteria listed are shown below. The TCSC is used at a 50%
compensation level. The outage of line 14 is considered. Table 8 shows the calculated
values of dqr and reactive power loss sensitivity index, cij. From this table and applying
the DC power flow sensitivity factor method, along with the reactive power loss reduction
method, the lines having the most positive value are sensitive. Hence, the sensitive lines
are lines 11 and 31 according to the DC power flow sensitivity factor method and lines 12
and 15, according to the Reactive Power loss reduction method. These are the sensitive
lines having the most positive values. Table 8 shows the most positive values in bold.

Table 8. Calculated values of dqr and cij.

Line No. dqr cij

1 −1.7892 0.5022
2 −0.4472 0.3153
3 −0.1018 0.2506
4 −0.3803 0.3206
5 −0.2001 0.0772
6 3.4922 0.171
7 6.6495 −0.2954
8 0.2636 0.0777
9 2.1356 −0.0752
10 2.5852 0.0644
11 10.4489 −0.9943
12 0.5046 0.6298
13 0.0695 −0.0001
14 4.6528 0.0000
15 0.4842 0.7747
16 0.8399 0.0003
17 2.9897 0.0854
18 1.0709 0.2574
19 7.3753 0.3006
20 9.6101 0.0563
21 2.0937 0.2951
22 2.2205 0.1704
23 0.6347 0.17
24 2.5254 0.1688
25 1.0705 −0.1648
26 1.223 −0.2909
27 1.0185 −0.1837
28 1.2278 −0.1124
29 1.2848i −0.2004
30 3.1627i 0.0613
31 11.1062 −0.3365
32 1.2400 0.0604
33 1.5269 −0.2700
34 0.7036 0.0002
35 0.4730 −0.2677
36 0.3341 0.2869
37 1.0920 0.0004
38 0.2544 0.0003
39 0.1222 0.0000
40 0.1393 0.6300
41 0.2663 0.2530

Table 9 shows the reactive power losses after placing TCSC in the sensitive lines. The
bold values indicate the reduced reactive power losses (obtained by using TCSC) than the
original values of losses (obtained without using TCSC) when the TCSC is placed in the
sensitive lines. When TCSC is placed in line 11, reactive power losses are reduced on lines
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1, 2, 4, 11, 15, 19, 20, and 31. When it is placed in line 12, except line 1, all other lines noticed
a reduction in the reactive power losses. Similarly, when TCSC is placed in line 15, except
lines 11 and 12, all other lines observed reduced reactive power losses. After placing TCSC
in line 31, all of the lines have reduced losses, except lines 11 and 12.

Table 9. Calculation of Reactive power losses by placing TCSC.

Line
Reactive Power
Losses without

TCSC

Reactive Power
Losses with

TCSC Placed
at Line 11

Reactive Power
Losses with

TCSC Placed
at Line 12

Reactive Power
Losses with

TCSC Placed
at Line 15

Reactive Power
Losses with

TCSC Placed
at Line 31

1 11.13451 11.12571 11.13942 11.12366 11.1241
2 7.53579 7.52316 7.50126 7.52690 7.52638
4 1.50751 1.50424 1.49965 1.50506 1.50495

11 1.42692 1.35439 1.18628 1.45551 1.46557
12 1.10438 1.07069 0.87069 1.10878 1.11779
15 −0.0913 −0.12165 −0.12085 −0.12268 −0.12308
19 −0.20679 −0.20856 −0.20908 −0.20852 −0.20866
20 −0.18536 −0.19069 −0.19756 −0.18957 −0.18869
31 −0.19328 −0.19655 −0.19768 −0.19647 −0.19798

Table 10 shows the total reactive power losses on these lines. On all lines mentioned
in Table 10, a decrease in the total reactive power losses is observed. However, when
TCSC is placed in lines 11 and 12, the decrease in total reactive power losses is much
more significant.

Table 10. Comparison of Total Reactive power losses on sensitive lines.

TCSC Place (Lines) Total Reactive Power Losses
without TCSC

Total Reactive Power Losses
with TCSC

11 22.03238 21.86074
12 22.03238 21.47213
15 22.03238 22.00267
31 22.03238 22.02039

Table 11 shows the real power losses that were calculated on sensitive lines 11, 12, 15,
and 31. The real power losses are decreased on all lines when TCSC is placed in line 11.
It is decreased on all lines, except line 1, when TCSC is placed in line 12. The real power
losses are reduced at all lines, except lines 11 and 12, after placing TCSC at line 15 and 31.

Table 11. Calculation of Real Power Losses at sensitive lines.

Line
Real Power

Losses without
TCSC

Real Power
Losses with TCSC
Placed in Line 11

Real Power
Losses With TCSC
Placed in Line 12

Real Power
Losses with TCSC
Placed in Line 15

Real Power
Losses with TCSC
Placed in Line 31

1 5.41374 5.41092 5.41531 5.41027 5.41041
2 2.83736 2.83486 2.82975 2.83571 2.83559
4 0.77990 0.77914 0.77769 0.77938 0.77935

11 0.00781 0.00747 0.00667 0.00795 0.00800
12 0.00235 0.00230 0.00194 0.00236 0.00238
15 0.00094 0.00072 0.00073 0.00071 0.00071
19 0.00604 0.00521 0.00467 0.00528 0.00516
20 0.01188 0.01012 0.00723 0.01062 0.01100
31 0.00611 0.00523 0.00472 0.00528 0.00461
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The total real power losses are reduced significantly when TCSC is placed at lines 11,
12, 15, and 31, as is clear from Table 12. The reduction in real power losses is significant in
line 12, as is evident from Table 12.

Table 12. Comparison of Total Real power losses after placing TCSC on sensitive lines.

TCSC Place (Lines) Total Real Power Losses
without TCSC

Total Real Power Losses with
TCSC

11 9.06613 9.05597
12 9.06613 9.04871
15 9.06613 9.05756
31 9.06613 9.05721

Table 13 shows the values of real power flows, after placing TCSC at sensitive lines.
The real power flows are reduced considerably when TCSC is placed at lines 11, 12, 15,
and 31. When TCSC is placed at line 11, power flow becomes decreased at all lines, except
line 4, as is clear from Table 13. Similarly, when it is placed in line 12, the real power
flows are decreased at all lines, except in line 1. When TCSC is placed at lines 15 and 31,
power flow on all lines is decreased, except lines 4, 11, and 12. The reduction of real power
flows suggests that the available transfer capability is increased in the lines having less real
power flows.

Table 13. Comparison of Real Power Flows at different locations of TCSC.

Line Real Power flow
without TCSC

Real Power Flow
with TCSC Placed

in Line 11

Real Power flow
with TCSC Placed

in Line 12

Real Power Flow
with TCSC Placed

in Line 15

Real Power Flow
with TCSC Placed

in Line 31

1 178.02707 177.98063 178.05303 177.9698 177.97217
2 83.70249 83.67309 83.59858 83.68524 83.68349
4 77.96646 77.96907 77.90455 77.97841 77.97695

11 28.67239 28.05487 26.51498 28.94278 29.02952
12 15.86664 15.68053 14.41164 15.91052 15.96439
15 10.24171 9.02014 9.05466 8.97577 8.95846
19 1.66163 1.5503 1.45953 1.56275 1.54264
20 3.8824 3.59592 3.02208 3.6869 3.75377
31 2.12521 1.97072 1.86432 1.98284 1.84347

The bold values shown in Table 13 depict reduced power flows. The remarkable
reduction in real power flows is noticed when TCSC is placed at lines 11, 12, 15, and 31, as
is clear from Table 13. Many lines observed lesser power flows. This will result in relieving
in congestion of these lines and, hence, allow for these lines to be able to transfer power
more than already committed usage and will also prevent overloading in the future. These
results prove the efficacy of the proposed SPCR method in optimally locating the TCSC to
relieve congestion.

Figure 7 represents the bar graph of comparison of real power losses for 30-bus
system. It is clear in the graph that in all the cases, the total real power losses are lesser
after the placement of TCSC as compared to that without placing it. Among all of the
considered cases, the 12th line has witnessed the minimum total real power loss, which is
about 9.048 MW.

3.2. Calculation of Enhanced ATC

The ATC was optimized and calculated with the help of the MEEPSO technique,
which comprises of the following steps:

• Definition of input parameters in the MEEPSO and initialization of velocity.
• Setting the maximum limit of TCSC compensation and velocity.
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• Calculation of ATC.
• Calculation of fitness function and objective function.
• Calculation of particle best position and global best position.

Figure 7. Comparison of total real power loss at different lines by various methods (30 bus system)

3.2.1. Case 1: 6 Bus System

Figure 8 shows the calculated values of Available Transfer Capability. The values are
calculated first for the base case at lines 2–3, 2–5, and 2–6. Transaction T1 means that the
transaction is done between buses 2 and 3, transaction T2 means the transaction is done
amongst buses 2 and 5, and transaction T3 implies that the transaction is performed for
buses 2 and 6. The base case values are calculated using the Newton–Raphson method (for
calculating load flow) and the ACPTDF method for finding ATC at all transactions. The
ATC is also calculated using the DCPTDF technique. Both of the methods are evaluated
with the help of MATLAB and they are further compared with the calculated values of
ATC using PWS. The six bus system is first modeled in PWS, taking the same data as
in MATLAB. Subsequently, ATC is calculated, and the results are verified with that of
ACPTDF and DCPTDF method.

Figure 8. Comparison of Available Transfer Capabilities (ATC) values at different transactions by
various methods (6 bus system).
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In order to prove the efficacy of the proposed SPCR and MEEPSO method, the TCSC
is placed at lines 7, 8, and 11 (optimal location calculated using SPCR method) and ATC is
then calculated using the MEEPSO technique at all transactions. The represented MEEPSO
algorithm has been carried out by taking into account the count of particles as 50 for
maximum iterations of 200, wmin is 1 and wmax is 1.2, c1 and c2 are both 2. The maximum
amount of TCSC compensation is 50% and the minimum is 0. The base MVA taken is 100
MVA. All of the parameters are taken in per unit. Figure 6 shows the comparison of ATC
values that were calculated using the MEEPSO technique with the evaluated results of
ACPTDF, DCPTDF, and PWS software. Here, MEEPSO 7 means that ATC is calculated
using the MEEPSO technique while placing TCSC at line 7, MEEPSO 8 means that the
ATC is calculated while using the MEEPSO technique while placing TCSC at line 8 and
MEEPSO 11 means that ATC is calculated using MEEPSO technique while placing TCSC at
line 11. Figure 6 clearly shows the enhanced values of ATC by using the proposed SPCR
and MEEPSO techniques. The validation and efficacy of proposed methods are proved by
comparing the results with conventional methods of ACPTDF AND DCPTDF technique.
Additionally, the results are further verified using the values that were observed through
PWS software.

The comparison reveals the improvement in values of ATC (in MW) by 25.85% by
using the currently developed MEEPSO method compared with that of DCPTDF in 6 bus
system, whereas it showed an improvement of 9.34% as compared to ACPTDF. The efficacy
of the developed method has been proved by taking various transactions between different
buses. In six bus systems, ATC has improved remarkably with the currently developed
MEEPSO technique when TCSC was placed at line 7 during transaction T1.

3.2.2. Case 2: 30 Bus System

Figure 9 shows the calculated values of Available Transfer Capability. The values are
calculated first for the base case in lines 11–25 and 9–11. Transaction T1 means that the
transaction is done between buses 11 and 25 and transaction T2 means that the transaction
is done amongst buses 9 and 11. The base case values are calculated while using the
Newton Raphson method (for calculating load flow) and the ACPTDF method for finding
ATC at all transactions. The ATC is also calculated while using the DCPTDF technique.
Both of the methods are evaluated with the help of MATLAB and are further compared
with the calculated values of ATC using PWS. The six bus system is first modeled in PWS,
taking the same data as in MATLAB. Subsequently, ATC is calculated and the results are
verified with that of ACPTDF and DCPTDF method.

Figure 9. Comparison of ATC values at different transactions by various methods (30 bus system).
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The TCSC is placed at lines 11, 12, 15, and 31 (optimal location calculated while using
SPCR method) and then ATC is calculated using the MEEPSO technique at all transactions,
in order to prove the efficacy of the proposed SPCR and MEEPSO method. The represented
MEEPSO algorithm has been carried out by taking into account the count of particles as 50
for maximum iterations of 200, wmin is 1 and wmax is 1.2, c1, and c2 are both 2. The maximum
amount of TCSC compensation is 50% and the minimum is 0. The base MVA taken is 100 MVA.
All of the parameters are taken in per unit. Figure 6 shows the comparison of ATC values that
were calculated using the MEEPSO technique with the evaluated results of ACPTDF, DCPTDF,
and PWS software. Here, MEEPSO 11 means that ATC is calculated using MEEPSO technique
while placing TCSC at line 11, MEEPSO 12 means that the ATC is calculated using the MEEPSO
technique while placing TCSC at line 12, MEEPSO 15 means that ATC is calculated using
the MEEPSO technique while placing TCSC at line 15, and MEEPSO 31 means that ATC is
calculated while using the MEEPSO technique while placing TCSC at line 31. Figure 9 clearly
shows the enhanced values of ATC by using the proposed SPCR and MEEPSO technique. The
validation and efficacy of proposed methods are proved by comparing the results with the
conventional methods of ACPTDF AND DCPTDF technique. Additionally, the results are
further verified by using the values that were observed through PWS software.

Similarly, during transactions T2 and T3, the maximum value of ATC (in MW) was
observed for the location of TCSC at line 8 and 7, respectively. The results so obtained
that have been achieved are more standardized and error-free as compared to those done
by conventional methods. In the case of the 30-bus system, a 34.8% improvement in ATC
values has been observed while using the MEEPSO technique when compared with the
ACPTDF, while it was 33.06% more than that of in DCPTDF.

When the values are manually retrieved from a program, there are great chances of
error (Gross Error,), whereas, when the optimization is done with the help of algorithm, not
only the chances of gross error get reduced, but also the precision and accuracy of results
are achieved. This in turn enhances the overall speed and reliability of the devised method
due to its standardization. That is why the two separate algorithms that were previously
being used by the researchers are combined in the present study, such that the results can
be achieved in single execution.

An attempt has been made to simplify the man machine interface that has enhanced
the accessibility of the devised method.

4. Conclusions

In this study, the SPCR method of optimally locating the TCSC and MEEPSO method
for calculating ATC have been devised successfully. The IEEE six bus and 30 bus cases are
taken for validating the results. The factors considered for the optimization of location in
this investigation included DC power flow sensitivity factor, reactive power loss sensitivity
index, reactive power losses, real power losses, and real power flows were calculated in
SPCR method. Whereas, the values of ATC were obtained by the MEEPSO technique and
they are compared with that of ACPTDF, DCPTDF, and PWS. The comparison reveals
the improvement in values of ATC by 25.85% than that of DCPTDF in the six bus system
by using the currently developed MEEPSO method, whereas it showed an improvement
of 9.34% when compared to ACPTDF. The efficacy of the developed method has been
proved by taking various transactions between different buses. In six bus systems, ATC
has improved remarkably with the currently developed MEEPSO technique when TCSC
was placed at line 7 during transaction T1.

Similarly, during transactions T2 and T3, the maximum value of ATC was observed for
the location of TCSC at line 8 and 7, respectively. The results so obtained have been achieved
by the single execution are more standardized and error free as compared to those that were
done by conventional methods. In the case of the 30-bus system, a 34.8% improvement
in ATC values has been observed while using MEEPSO technique as compared with the
ACPTDF, while it was 33.06% more than that of in DCPTDF. Hence, the use of the proposed
technique yielded more promising results when compared with the conventional methods.
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5. Future Scope

The proposed methods can be used to find out the dynamic ATC. It can be effectively
calculated with the help of transient stability analysis while using PWS software. Addi-
tionally, optimal power flow can be analyzed by calculating the cost of placing TCSC at
the observed optimal locations. The costs can be calculated by increasing the number
of transactions between buses and then performing a comparison. Moreover, different
systems can be differentiated by dividing them into separate zones and areas and then
comparing their ATC values and costs.
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Abbreviations
Abbreviation Full Form
ATC Available Transfer Capability
FACTS Flexible A.C. Transmission Systems
SPCR Sensitivity and Power loss-based Congestion reduction method
MEEPSO Metaheuristic Evolutionary Particle Swarm Optimization
TCSC Thyristor Controlled Series Compensator
TTC Total Transfer Capability
TRM Transmission Reliability Margin
CBM Capacity Benefit Margin
ETC Existing Transmission Commitment
ACPTDF AC Power Transfer Distribution Factor
NATC Non-recallable ATC
RATC Recallable ATC
XT TCSC reactance
ACPTDFij,mn AC Power Transfer Distribution Factor for the line between buses i and j when

a transaction is taking place between buses m and n
ATCmn Available Transfer Capability between buses m and n
DCPTDF DC Power Transfer Distribution Factor
Sij complex power flowing between bus i and j

Pij real
(

Sij

)
Real complex power flowing between bus i and j

Qij imag
(

Sij

)
Imaginary complex power flowing between bus i and j

Vi the voltage at the ith bus
Iij the current flowing between buses i and j
∆Pij change in real power
∂Pij
∂δi

incremental change in real power concerning the change in angle
∆δ change in voltage angle
∆Pm Mismatch vector of change in power at bus m
∆Pn Mismatch vector of change in power at bus n
Pt Transacted power
[J] Full Jacobian in polar coordinates
Limitmax

ij The maximum thermal limit of the line ij
Limitmin

ij The minimum thermal limit of the line ij
Pmax

ij,mn Maximum transfer limit values for each line in the system
PTDF Power Transfer Distribution Factor
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