Circuits and Systems, 2016, 7, 1677-1688 ’0’0 Scientific
Published Online June 2016 in SciRes. http://www.scirp.org/journal/cs o2, Research

0‘0 Publishing
http://dx.doi.org/10.4236/cs.2016.78145

The Phenomenal Alleviation of
Transmission Congestion by
Optimally Placed Multiple Distributed
Generators Using PSO

Karuppasamy Muthulakshmil, Rajamanickam Manickaraj Sasirajaz, Velu Suresh Kumars3

'Department of Electrical and Electronics Engineering, Kamaraj College of Engineering and Technology,
Virudhunagar, India

2Department of Electrical and Electronics Engineering, Anna University Regional Campus Madurai, Madurai,
India

*Department of Electrical and Electronics Engineering, Thiagarajar College of Engineering, Madurai, India
Email: muthusashi@gmail.com, rmseee@autmdu.ac.in, vskeee@tce.edu

Received 1 April 2016; accepted 1 May 2016; published 16 June 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

~‘

Abstract

In the current electricity paradigm, the rapid elevation of demands in industrial sector and the
process of restructuring are the main causes for the overuse of transmission systems. Hence, the
evolution of novel technology is the ultimate need to avoid the damages in the available transmis-
sion systems. An appreciable volume of renewable energy sources is used to produce electric
power, after the implementation of deregulation in power system. Even though, they are intended
to improve the reliability of power system, the unpredictable outages of generators or transmis-
sion lines, an impulsive increase in demand and the sudden failures of vital equipment cause
transmission congestion in one or some transmission lines. Generation rescheduling and load
shedding can be used to alleviate congestion, but some cases require quite few improved methods.
With the extensive application of Distributed Generation (DG), congestion management is also
performed by the optimal placement of DGs. Therefore, this research employs a Line Flow Sensi-
tivity Factor (LFSF) and Particle Swarm Optimization (PSO) for the determination of optimal loca-
tion and size of multiple DG units, respectively. This proposed problem is formulated to minimize
the total system losses and real power flow performance index. This approach is experimented in
modified IEEE-30 bus test system. The results of N-1 contingency analysis with DG units prove the
competence of this proposed approach, since the total numbers of congested lines get reduced
from 15 to 2. Hence, the results show that the proposed approach is robust and simple in alleviat-
ing transmission congestion by the optimal placement and sizing of multiple DG units.
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1. Introduction

Transmission line congestion is one among the major key issues in deregulated power industry. Congestion oc-
curs, when one or more constraints of the system get violated. These violations of restrictions can either be
beyond the thermal or voltage limits or some indicated limits. In deregulated power systems, congestion can also
occur due to commercial reasons and it has become a major concern. Fast, transparent and effective tools are
necessary for congestion management. A comprehensive survey of congestion management methods based on
their models is categorized and it is reported [1]. If transmission congestion is relieved, the system returns to its
secure state. Mainly, two types of techniques are used to relieve congestion namely, cost free methods and
non-cost free methods. The cost free methods includes outage of congested lines, operation and inclusion of
transformer taps/phase shifters and placing Distributed Generation (DG) and Flexible AC Transmission Systems
(FACTS) devices in distribution and transmission network, respectively. The non-cost free methods are carrying
out re-dispatching of active power generation in generators and load curtailment options are coming under this
case. An optimal reactive power support from generators and capacitors along with active power rescheduling is
reported to manage congestion [2]. The reactive power adjustment is obtained by assuming there is only one
system operator. However, in case of several system operators, the management of congestion is complex. A
simple direct method is presented for performing generation rescheduling and load shedding to manage trans-
mission congestion [3].

A congestion management method ensuring the voltage security is proposed for congestion management [4].
However, it does not take care about each load. Particle Swarm Optimization (PSO) is used to minimize the re-
scheduling cost of active power [5]. However, the effect of reactive power of generators and voltage stability
constraints are ignored. PSO is used to determine the optimal generation levels to alleviate transmission conges-
tion [6]. Even though this approach claims for its simplicity, the line connecting slack generator does not fully
get relieved from congestion. The recent advancements have proven to cater the need of power system by in-
corporating the benefits of FACTS. The main reason for adding FACTS controllers is to regulate the power
flows, transmission voltages and for mitigating the active disturbances [7]. FACTS devices are considered to be
one technology that can benefit transmission systems in many ways including congestion management. Many
authors have developed various methodologies to incorporate FACTS devices to manage the transmission con-
gestion [8]. The effectiveness of FACTS devices in congestion management depends importantly on their loca-
tions. A method is suggested to determine the optimal location of Thyristor Controlled Series Compensator
(TCSC) for the reduction of total VAR power losses [9]. Although, this method has good performance to locate
TCSC, they may not capture the nonlinearity associated with the system. A new methodology is proposed based
on Locational Marginal Pricing (LMP) differences for the location of series FACTS devices for congestion
management [10].

A congestion management strategy is proposed for combined operation of hydro and thermal generation
companies [11]. However, it computationally demands more efforts and also less reliable. A method is proposed
for managing the transmission congestion in a deregulated environment by the combined action of demand re-
sponse and FACTS devices [12]. But, FACTS devices are modeled in steady state mode and dynamic studies
regarding the effects of FACTS devices are not considered. A method is proposed for congestion management in
the presence of FACTS devices with Sen Transformer considering load ability limits [13]. However, the authors
have experimented only with constant P and Q load models without considering realistic load model. In the re-
cent years, restructuring of electricity market evolves some major improvements in energy production and it in-
creases the usage of distributed generation with renewable energy resources. The introduction of DG units
breaks almost all the barriers in the earlier conventional paradigm of electricity generation, transmission and
consumption. The definition for DG is given as a tiny power generator and normally distributed within the dis-
tribution network [14]. Installing DG units in distribution network result some positive impact as, improvement
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of voltage profile, power quality and reduction in total system loss. Hence, the finding of optimal location and
capacity of DG units is important. The possibilities and impacts of DGs are investigated on congestion man-
agement [15].

An analytical approach is developed to address the optimal DG placement problem in distribution networks
with different topologies [16]. The candidate bus is selected based on the elements of admittance matrix, power
generations, and load distribution of distribution network. The issue of DG optimal size is not addressed in this
formulation. A simple, but conventional iterative search technique is combined with Newton-Raphson load-flow
for finding the optimal placement of DG [17]-[19]. The objective used is to find the optimal location of DG,
without considering the DG size. A procedure is proposed to find the optimal location and size of DG simulta-
neously, but it is limited only for network systems [20]. A sensitivity based method is proposed to allocate DGs
simultaneously for congestion relief and voltage security [21].

2. Proposed Work

Even though, the major conventional methods are listed in the above chapter as introduction and literature sur-
vey, this kind of approach is presented in only one literature [21]. But, in that literature the genetic algorithm is
used with the objectives of reducing system losses and maintaining the voltage profile and without considering
the performance index value of most severe contingency case. Hence, it is identified that there is a research
opening in alleviating transmission congestion with the help of DGs by considering the real power flow perfor-
mance index for severe contingencies. Therefore, this work utilizes LFSF for the determination of optimal site
for the DG units in modified IEEE 30 bus test system.

This organization of this paper is given as follows. In chapter 2, the problem formulation, calculation of Per-
formance Index (PI), contingency selection and optimal location of DGs are elaborated. A brief description
about PSO is given in chapter 3. In chapter 4, the detailed simulation results and discussions are presented.
Chapter 5 illustrates some of the conclusions of this work.

3. Problem Formulation

Allotment of DGs in order to relieve congestion using N-1 contingency measure certainly leaves some vital so-
lutions against system security danger. A suitable location is identified for the allocation of DG, which could
offer an enhanced performance almost in all the circumstances. The process of contingency ranking is per-
formed by using the limits of voltages and power flow performance indices.

3.1. Contingency Selection

It is very obvious that various limit violations occur in power system frequently. But, for maintaining the system
security, the most severe violations are monitored and evaluated promptly. The magnitude and impact of severi-
ty of these vigorous problems should be precisely assessed for enforcing the appropriate corrective measures in
order to alleviate this danger. This process of assessment is known as contingency selection. Therefore, contin-
gency analysis is performed in order to evaluate the impact of severe contingencies and to alert the system oper-
ator to take a necessary step against this critical contingencies. The violations in transmission line thermal limit,
transformer capacity and poor voltages at system buses are listed as common limit violations. The common
formula for real power flow performance index is given as Equation (1).
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Since a variety of sound failures occurs during the operating period of power system and it creates a contin-

gency group, which possibly guides to congestion or limit violations on some parameters. The normal state of

power system can easily be recovered, if these dangerous contingencies are promptly acknowledged with com-

prehensive assessment and adaptation of appropriate corrective actions. The contingency selection is a way of

categorizing significant contingencies and they are ranked based on the real power flow performance index val-
ues.

3.2. Finding the Optimal Locations for DGs Using Line Flow Sensitivity Factor

The sensitivity on the congested line with respect to power flow is different for all buses in the system. A Line
Flow Sensitivity Factor (LFSF) with respect to active and reactive power is calculated for the overloaded lines
by considering the change in power flow in a transmission line “k”, connected between the buses “i” and “j”. It
can be written as,

oS, oS,
AS; =—LAR +—LAQ (®)
oP oQ,
Equation (8) can be rewritten as,
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By neglecting P-V coupling, Equation (9) can be written as,
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Then, this research effort has calculated the values of LFSFs for all the load buses for all contingencies of the
most critical outage with the help of above equations. The calculated LFSF values are ranked. The load buses,
which have larger negative LFSF values, are selected for DGs allocation, since they are the most influential on
the congested line. Hence, this proposed sensitivity factor is fairly fast enough in calculating all the values of
LFSFs. Now, the optimal location for the placement of DG unit is achieved. Hence, the effort is now focused
towards the computation of optimal size of DG at these selected locations.

3.3. Computation of the Optimal Size of DGs

The optimal sizes of the DGs are determined from PSO. The objectives used in this PSO based optimization
technique are to determine the optimal size of the DG units by minimizing the real power losses and the real
power performance index. The objective function is defined as,
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Min f =lej PLj +W2 ZAlljl conﬁested Pl (15)
Subjected to,
The voltage magnitude and angle must be kept within standard limits at each bus
VAR VAL (16)
5imin Sé‘i Sé}max (17)

Thermal limit of transmission lines for the network must not be exceeded
33 <s™ (18)

4. Particle Swarm Optimization

Particle Swarm Optimization is one of the famous stochastic optimization techniques based on population and it
is developed by Kennedy and Eberhart [22]. This method is derived from the simulation of a simplified social
model of swarms such as fish schooling and bird flocking. PSO is used in solving complex problems that are
nonlinear and non-differentiable in nature. It also gives better solutions with multiple optima and high dimen-
sionality through adaptation and thus provides high quality solutions with stable convergence. Whereas genetic
algorithms discard the weakest chromosomes immediately, but PSO keeps on over time and influences the
search space. PSO has proved in yielding promising results in generation rescheduling for congestion manage-
ment [5] [6].

4.1. Steps to Find Solution Using PSO Algorithm

An initial population of particles with values of positions and velocities on dimensions in the solution space are randomly

Step L: generated. The iteration counter is setas k = 0.

Step 2:  The objective value is calculated for each particle. Else, that particle becomes as infeasible.
Comparison of objective value of each particle is done with individual best values. The current pbest value is set, if the calcu-

Step 3: lated objective value is lower than Pbest value and the corresponding particle position is reordered.

Step 4: The particle associated with the minimum individual best is selected. This value is set as Pbest and the current overall best is
P% " selected as Gbest.

Step 5: Maximum fitness and average fitness values are calculated. Error is calculated using the equation below.

Error = (maximum fitness - average fitness).
Step 6:  If this error is less than a specified tolerance then go to step 9. Formed offspring is an exact copy of parents.

Update the velocity and position of particle. New fitness values are calculated for the new positions of all the particles. If the
Step 7:  new fitness value for any particle is better than previous Pbest value then Pbest value for that particle is set to present fitness
value. Similarly, Gbest value is identified from the latest Pbest values.

Step 8:  The iteration count is incremented and if iteration count is not reached maximum then go to step 2.

Step 9:  Global best particle gives the optimal sizing of DGs in candidate locations.

The locations and capacities of multiple DGs are determined by LFSF and PSO algorithm, respectively. The
procedural steps involved in this research, which are listed in above steps, are illustrated in flowchart and is
given in Figure 1.

4.2. Parameter Selection for PSO

The performance of PSO greatly depends on three parameters such as, cognitive parameter (C,) and social pa-
rameter (C,) and weight factors W, and Wy, The balance among these factors determines the balance be-
tween local and global searching capability. The fitness framed in this research is addition of two components
namely summation of total real power losses of the system and summation of real power performance index
values of limit violated cases. These two objectives used in this optimization are considered with appropriate
weights. The weight value assumed for first objective i.e. minimization of real power losses is 100 and for
second objective i.e. minimization of real power performance index is 10. Hence, the proposed problem with
different particle sizes is solved using PSO. The selected parameters are tabulated in Table 1.
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I Read parameters of modified IEEE 30 bus test system |

rey
b 4
' Run load flow & N-1 contingency analysis ]
Congestion? Print solution
Yes No
Calculate PI values by Eqn.(1) for all outages causing congestion @
y

Arrange calculated PI values in descending order & Identify the
most critical case

(1

Calculate LFSF values by Eqn.(10) for all load buses due to outage
of congested lines of most critical case

v

Arrange calculated LFSF values in descending order and select the
buses having largest negative LFSF as optimal locations for DGs

v
Mathematically formulate the problem as given by Eqn.(15-18)
v
Select the parameters and optimize sizes of DG units by PSO
y

Connect the optimal sizes of DG units in optimal locations

|

Figure 1. Flowchart of the proposed work.

Table 1. The parameters selection for PSO.

Social Factor ~ Cognitive Factor ~ Minimum Inertia ~ Maximum Inertia ~ Number of Weight for first Weight for second
C, C, Weight Factor Wpin Weight Factor Wi Particles objective W, objective W,
2 2 0.4 0.9 40 100 10

5. Results and Discussion

The simulation tests are carried out in modified IEEE 30 bus system to prove the robustness of this proposed
ideology. Figure 2 represents the single line diagram of IEEE 30 bus system, which normally consists of 6 ge-
nerators, 24 load buses and 41 branches [23]. The necessary codes are developed in MATLAB release 2011a
with Intel i5 processor equipped with 4 GB RAM.

Initially, Newton Raphson load flow analysis is performed to determine whether the transmission line limit is
violated or not. If there is a limit violation, it indicates line congestion. From the results of base case load flow
analysis in modified IEEE 30 bus system, it is found that there is no congestion in all the transmission lines.
Subsequently, N-1 contingency analysis is performed in order to find out the critical outage cases and the results
are presented in Table 2. From Table 2, it is identified that the outage of linessuchas1-2,1-3,3-4,2-5,4-
6, 10 - 20 and the outage of generators 2, 5, 8 have caused overloads on some other lines. In this experimenta-
tion all the line and generator outage cases, which are listed above, are considered.

The PI values are computed as defined by Equation (1) for all the generators and line outage cases in order to
prepare the critical contingency ranking in the system. All the calculated PI values are arranged in descending
order and the top nine most critical outage cases along with their Pl values are presented in Table 3. From Table 3,
it can be found that the outage of line 1 - 2 holds the top position and it is known as the most critical contingency in
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this test system. By taking the most critical case (i.e. outage of line 1 - 2), the subsequent calculations are pro-
ceeded further.

The congested lines due to outage of most critical case are 1 - 3, 3 - 4 and 4 - 6 with 48.10%, 39.01% and
25.37% violation, respectively. The usual practice used to relieve this transmission congestion is performing

2

@:’- 1

Figure 2. Single line diagram of IEEE 30 bus system.

Table 2. Results of contingency analysis before DG placement.

SI. No. Outage of line/Generator Congested lines Limit (MVA) Line flow (MVA) % Violation

1-3 130 192.53 48.10
1 1-2 3-4 130 180.71 39.01

4-6 90 112.83 25.37

1-2 130 182.38 40.29
2 1-3

2-6 65 66.74 2.68

1-2 130 178.63 3741
3 3-4

2-6 65 65.81 1.25

2-6 65 76.90 18.31
4 2-5

5-7 70 75.79 8.27

1-2 130 134.06 3.12
5 4-6

2-6 65 71.73 10.35
6 10-20 15-18 16 16.31 1.94
7 2 1-2 130 162.01 24.62
8 5 1-2 130 136.74 5.18
9 8 1-2 130 135.31 4.08
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Table 3. Contingency ranking based on PI.

Sl. No. Outage of line/Generator Total number of congested lines Pl
1 1-2 3 11.169
2 2-5 2 5.077
3 1-3 2 4.843
4 3-4 2 4.7
5 4-6 2 4.438
6 2 1 3.042
7 5 1 2.168
8 8 1 2.123
9 10-20 1 1.040

Table 4. Five possible locations of DG based on LFSF.

Linel-3 Line3-4 Line4-6
sk No. Bus No. LFSF Bus No. LFSF Bus No. LFSF
1 22 -0.3698 22 -0.1817 23 -0.3965
2 23 -0.3120 23 ~0.1486 22 -0.3689
3 9 -0.3052 7 -0.1185 29 -0.2428
4 7 -0.2746 15 -0.1035 19 -0.2393
5 3 -0.2720 21 -0.0918 21 -0.2392

Table 5. Optimal capacity of DGs using PSO.

Sl. No. Bus No. Optimal DG capacity in MW using PSO
1 22 36.7206
2 23 17.7379

rescheduling of generators. But in this work, the DGs are placed at the suitable locations of the load buses as
corrective action for relieving congestion. To find the suitable location of DGs, LFSF (explained in Section 3.2)
values are calculated for each of the overloaded lines for the most critical contingency and the top five preferred
locations for each of the overloaded lines are given in Table 4. Among these five values, the bus which has most
negative LFSF value is selected as the optimal location for placing DG. Because, the bus, which has the highest
negative value, is the most sensitive and responsive for the placement of DG units. Here, the objective of this
research is to reduce or eliminate the level of congestion by finding the optimal location and size of DG units.

It can be observed that buses 22 and 23 have the highest negative values and they are selected as most suitable
locations for the placement of DGs with respect to the overloaded lines 1 - 3, 3 - 4 and 4 - 6, respectively. Then,
the optimal sizes of DGs are determined from PSO algorithm and the results are presented in Table 5.

From Table 5, the optimal DG capacity at the buses 22 and 23 are 36.7206 MW and 17.7379 MW, respec-
tively. The fitness characteristics against iteration are shown in Figure 3. The fitness is continuously decreasing
in nature but at the same time, all the considered constraints are getting satisfied.

It is worthy to note that the total numbers of congested lines during various contingency cases get reduced
from 15 to 2 by the placement of the DG units at their suitable locations. The congested lines due to N-1 contin-
gency cases are almost alleviated by the optimal placement of multiple DG units except line 5 - 7 and 15 - 18
due to outage of line 2 - 5 and 10 - 20, respectively. Even though the congestion in these lines is not completely
eliminated, the level of congestion in these lines is getting reduced from 8.27% and 1.94% to 7.77% and 1.81%
for outage of line 2 - 5 and 10 - 20, respectively. The results of contingency analysis without and with the DG
units are presented in Table 6. Hence, congestion relief by optimal DG placement with the help of PSO algo-
rithm is good enough to provide the anticipated results.

The comparison of results, with and without the multiple DG units are summarized and presented in Table 7.

1684
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Figure 3. Fitness curve obtained using PSO.

Table 6. Comparison of contingency analysis before and after DG placement.

Sl ) Outage of Con_gested Limit Line flow without DG units Line flow with DG units % Violation
No. line/Generator lines (MVA) (MVA) (MVA)
1-3 130 192.53 125.36 Alleviated
1 1-2 3-4 130 180.71 118.73 Alleviated
4-6 90 112.83 75.39 Alleviated
1-2 130 182.38 120.69 Alleviated
2 1 2-6 65 66.74 4261 Alleviated
3 34 1-2 130 178.63 118.05 Alleviated
2-6 65 65.81 41.72 Alleviated
4 25 2-6 65 76.90 56.54 Alleviated
5-7 70 75.79 75.44 7.77
1-2 130 134.06 90.86 Alleviated
> 46 2-6 65 71.73 46.05 Alleviated
6 10-20 15-18 16 16.31 16.29 1.81
7 2 1-2 130 162.01 122.993 Alleviated
8 5 1-2 130 136.74 98.129 Alleviated
9 8 1-2 130 135.31 96.525 Alleviated

Table 7. Comparison of results before and after placing DGs.

Before DG~ After DG placement

Cases Factors Reduction % Reduction

placement using PSO
Base case Pjoss (MW) 9.482 5.914 3.568 37.63
Base case Qoss (MVAR) —-9.897 —26.354 16.457 166.28
Total Number of congested lines during various contingencies 15 2 13 86.66
PI value for the outage of line 2 - 5 5.077 2.389 2.688 52.94
P1 value for the outage of line 10 - 20 1.040 1.037 0.003 0.29
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The placement of DG units in identified optimal locations results a notable reductions in real, reactive power
losses and total number of congested lines with a percentage of 37.63%, 166.28%, 86.66%, respectively. The
real power performance index values for outage of line 2 - 5 and line 10 - 20 get reduced with a percentage of
52.94% and 0.29%, respectively.

The reduction in real power losses after DG placement is shown in Figure 4. It is also inferred that PSO pro-
vides better reduction in real power losses and real power performance index. It is evident that PSO achieves an
effective performance for the factors considered i.e., real power loss and real power performance index.

To validate the sturdiness of this proposed approach in reaching the optimal or near optimal solution, 25 in-
dependent and continuous runs are performed with the same level of maximum iteration, i.e., 50 iterations with
two different particle sizes i.e. 20 and 40. The results are compared with the statistical investigation and they are
given in Table 8. It is clear from Table 8 that the simulation using 40 particles is the most preferred one, be-
cause the value of standard deviation is comparatively less. Normally, the standard deviation is the parameter,
which is chosen for the analysis ruggedness of any optimization algorithm. Hence, the standard deviation is cal-
culated here also for analyzing the competency of this proposed method.

The comparative plot between total fitness value and number of run with 20 and 40 particles is shown in Fig-
ure 5. The maximum and minimum values of 25 independent runs with 20 and 40 particles can be easily noted
down from Figure 5. The fitness value with 40 particles is comparatively less among these two values. Hence,
the best fitness value with 40 particles iteration has the best performance characteristics.

6. Conclusion

Congestion in transmission network is effectively relieved by the optimal placement and sizing of multiple DG
units. It is obvious that inappropriate size and incorrect location of DG units induce higher power losses and

6.25 T T T T

6.2F -

6.15 1

6.1F 4

6.05 1

[e)}
T
1

Loss value

5.95 -1

Y s 1

0 10 20 30 40 50
Number of iteration

Figure 4. Convergence characteristics of real power losses using PSO.

Table 8. Statistical analysis with 25 independent runs.

Total Fitness Value

SI. No. Number of Particles — Calculation Time in (Hours)
Best Worst Mean Standard Deviation
20 621.5341 661.8594 632.7218 11.8301 4.67
40 621.1392 660.0684 627.7925 10.2189 8.92
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Figure 5. Plot with different particle size.

horrible voltage troubles. Therefore, this research employs LFSF to determine the most favorable sites of DG
units and PSO for choosing the best size of DGs. The objective of this investigation is minimization of real
power losses and real power performance index. The pragmatism of the projected method is tested in modified
IEEE 30 bus test system. The results of N-1 contingency analysis with DGs prove the competence of this pro-
posed approach, since the total numbers of congested lines get reduced from 15 to 2. Even though, this approach
claims for its simplicity, still there are 2 congested lines for some critical cases. To overcome this bottleneck,
modern approaches like demand side management and FACTS devices may be added additionally along with
this proposed method to relieve the congestion completely. This method of congestion relief by PSO demon-
strates competent, sturdy and straightforward, since it has considered the minimization of performance index as
objective. In order to prove the usefulness of this proposed approach, statistical study is also carried out and the
results are given. Comparatively, this method of relieving congestion is superior, since it employs renewable
energy sources, which help for the reduction of environmental pollution.
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