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ABSTRACT

Transmission congestion is the major challenge in the
operation of competitive power market. Sufficient
transmission corridor is necessary for realization of power
transaction. This paper proposes an efficient approach for
transmission congestion management using the Black Hole
Algorithm (BHA). Congestion is relieved by rescheduling of
real power from the market clearing schedule. BHA is a
recently introduced nature inspired algorithm with less
number of parameters. The algorithm is easy for
implementation, takes less number of iterations and tuning for
a particular application.  The strength of the algorithm is
validated by comparing its performance with that of Particle
Swarm Optimization (PSO) and Big Bang Big Crunch
(BBBC) algorithms available in the literature. Modified IEEE-
30 and Modified IEEE-57 bus systems are taken for the
simulation purpose.

General Terms
Competitive power market, black hole algorithm.

Keywords
Rescheduling, line outage, overloaded bilateral / multilateral
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1. INTRODUCTION

In a deregulated power market, generating companies
(GENCOs) are producing power and sell it to the distributing
companies (DISCOs). The independent system operator (1SO)
is facilitating power transfer between agreed GENCO and
DISCO. All agreed transactions are not always feasible due to
thermal limit of lines and voltage stability limit. A transaction
may be economical but unrealistic when there is no sufficient
transmission corridor. Transmission congestion may be
defined as some of the lines reaching their thermal limit
during transaction between GENCOs and DISCOs.
Transmission congestion affects the security of a power
system as it leads to cascaded outage of lines in the system.
Transmission congestion needs to be managed by several
different ways and they are classified based on whether cost is
involved or not.

i. Cost free methods:
a. By outaging the congested lines.
b. By the use of transformer taps or phase shifters.
c. Operation of FACTS devices particularly series

devices.

ii. Non-cost free methods:
a. By re scheduling of generation from generators.
b. Through curtailment of loads.

In  restructured power markets limitations of power
transmission networks due to environmental, right-of-way
(ROW) and economic problems is a big challenge. Optimal
generation corresponding to minimum cost results in
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increased losses and threatens the stability and security of the
power systems [1], [2]. Different congestion management
methods suitable for different electricity markets are reported
in the literatures [3]. But the thirst for still efficient and
reliable method to solve this congestion management problem
is endless [4]. In [5], an efficient zonal congestion
management approach using Power Transfer Distribution
Factors (PTDF) is discussed. Hogan follows the contract path
and nodal pricing approach [6] using spot pricing theory [7]
for the pool-based market. An alternative approach based on
parallel markets for link-based transmission capacity rights is
used by Chao and Peck [8]. A coordinating approach between
generating companies and system operator for congestion
management using Benders cuts is discussed by H.Y.Yamina
and Shahidehpour [9].

Willingness-to-pay premium is recommended for avoiding
curtailment of the agreed transactions [10]. Locational
Marginal Price (LMP) signals are also used [11] for
generators to relieve transmission congestion. The technique
discussed in [12] combines the congestion cost and the
marginal cost at each bus in a pool power model and cost
minimization is achieved. For congestion relief, better
utilization of existing transmission line is a suitable
alternative. As such, Flexible AC Transmission Systems
(FACTS) devices are also used [13]. Applications of FACTS
devices, for instance,  Thyristor-Controlled  Series
Compensator (TCSC) and Thyristor Controlled Phase Angle
Regulator (TCPAR) are proposed to manage congestion
rapidly and efficiently.

Work [14] proposes an OPF problem for minimum costs for
both congestion and service. Relieving congestions caused
by voltage instability and thermal overloads is taken in [15].
This also uses OPF which is solved by standard solvers. Line
overload alleviation by rescheduling of real power generation
based on relative electrical distance (RED) is introduced in
[16]. But the rescheduling cost is not optimized when the
generators have different cost functions. Congestion
management by load curtailment [17] is done by B.K.
Talukdar et al.

Congestion management by optimal real power rescheduling
is suggested through optimization techniques. Evolutionary
Programming (EP) approach is used to reschedule the real
power generation for congestion management in [18]. Optimal
congestion management in an electricity market using particle
swarm optimization with time-varying acceleration
coefficients  (PSO-TVAC) is done by Panida
Boonyaritdachochai, Chanwit  Boonchuay, \Weerakorn
Ongsakul in [19]. Tulika Bhattacharjee and Ajoy Kumar
Chakraborty have suggested the NSGAII algorithm for
congestion management in a pool-based electricity market
Incorporating voltage and transient stability [20].
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Multi Objective Particle Swarm Optimization (MOPSO)
method is used by J. Hazra and Sinha for cost efficient
generation rescheduling and/or load shedding as a mean for
congestion management [21]. S. Dutta and Singh [22] used
PSO algorithm for identifying the contributing generators and
optimum rescheduling of real power for managing congestion
in a pool at minimum rescheduling cost. Adaptive bacterial
foraging algorithm is exploited for congestion management by
B.K. Panigrahi and V. Ravikumar Pandi in [23]. Venkaiah
and Vinod Kumar [24] explored fuzzy adaptive bacterial
foraging (FABF) algorithm for congestion management by
optimal rescheduling of powers.

In this paper, the recently developed, simple and efficient
algorithm of BHA is taken for optimal rescheduling of real
power for congestion management in a pool based power
market. The algorithm used is easy for implementation, with
less number of parameters and efficient in obtaining the
global best results.

2. BLACK HOLE PHENOMENON

John Michell and Pierre Laplace were the first to introduce the
concept of black holes in the eighteen century. They identified
the absence of star by integrating Newton’s law but the
absence of star was not known as black hole at that time. Only
in 1967, John Wheeler, an American physicist first named the
phenomenon of mass collapsing or absence of star as a black
hole. A black hole in space is what is left when a star or
massive sized planet collapses. The gravitational power of the
black hole is too high that even the light cannot escape from
it. Anything that crosses the boundary of the black hole is
swallowed by it and vanishes. The sphere-shaped boundary of
a black hole in space is known as the event horizon. The
radius of the event horizon is termed as the Schwarzschild
radius. At this radius, the escape speed is equal to the speed of
light, and once light passes through, even it cannot escape.
The Schwarzschild radius is calculated by the following
equation:

2GM
R="2 (1)

Where, G is the gravitational constant, M is the mass of the

black hole, and c is the speed of light. If anything moves close

to the event horizon it will be absorbed into the black hole and

permanently disappear.

2.1 Black Hole Algorithm (BHA)

Similar to the other meta-heuristics algorithms, a population
of randomly distributed candidate solutions for the given
problem is created. All the population-based algorithms move
the individuals towards the global best solution through
certain techniques. For example, mutation and crossover
operations are followed in GA. In PSO, the movement of the
initial solution towards the global best solution is based on the
individual best and global best in each iteration.

In BHA, the evolving of the population is done by moving all
the candidates towards the best candidate in each iteration,
namely, the black hole and replacing those candidates that
enter within the range of the black hole by newly generated
candidates in the search space. The proposed BHA in this
paper is more similar to the natural black hole phenomenon.
In BHA the best candidate among all the candidates at each
iteration is selected as a black hole. Then, all the candidates
are moved towards the black hole based on their current
location and a random number. The searching mechanism of
BHA is as under:
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A randomly generated population of solutions is taken as the
initialization process. Then the fitness values of the
population are evaluated and the best solution whose fitness
value is the best one is the black hole. After initializing the
black hole and stars, the black hole starts absorbing the stars
around it and all the stars start moving towards the black hole.
The absorption of stars by the black hole is formulated as
follows:

% (t) = x (t —1)+ rand (0,1) (Xgy — X, (t —1)) )

where x (t) and x, (t—l) are the locations of the ith star at

iterations t and t—1, respectively. x,, is the location of the

black hole in the search space. rand is a random number in the
interval [0, 1]. N is the number of stars (candidate solutions).
While moving towards the black hole, a star may reach a
location with lower cost than the black hole. In such a case,
the black hole moves to the location of that star and vice
versa. Then the BHA will continue with the black hole in the
new location and then stars start moving towards this new
location. In addition, there is the probability of crossing the
event horizon during moving stars towards the black hole.
Every star (candidate solution) that crosses the event horizon
of the black hole will be sucked by the black hole. Every time
a candidate (star) dies — it is sucked in by the black hole —
another candidate solution (star) is born and distributed
randomly in the search space and starts a new search. This is
done to keep the number of candidate solutions constant. The
next iteration takes place after all the stars have been moved.
The radius of the event horizon in the black hole algorithm is
calculated using the following equation:

R__fBH
N ¢
i

where fan is the fitness value of the black hole and f, is the

(3)

fitness value of the ith star. N is the number of stars
(candidate solutions). When the distance between a candidate
solution and the black hole (best candidate) is less than R, that
candidate is collapsed and a new candidate is created and
distributed randomly in the search space. Based on the above
description the main steps in the BH algorithm are
summarized as follows:

2.2 Implementation of BHA for congestion

management

Step 1: Initialize the algorithm parameters like
population size, maximum number of generations
and black hole.

Step 2:  Each individual is a vector of the control
variables. i.e. i.e. Xi= [VG1, VG2...VG NG, TP1,
TP2...TP NT, Qcl, Qc2....Qnc]. NP number of
agents are generated by respecting the limits of
control parameters.

Step 3:  Calculate the fitness function values of all
candidate solution by running the NR load flow.

Step 4: Determine the center of mass which has global
best fitness using equation (3).

Step 5: Generate new candidates using the center of
mass, particle best and global best by
adding/subtracting a normal random number
according to equation (2).

Step 6: Repeat steps step 2 to step 5 until stopping
criteria has been achieved.
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3. MATHEMATICAL PROBLEM
FORMULATION

The main objective of the proposed work is to find the
optimal rescheduled values of active power generations from
the generators so as to minimize the total congestion while
satisfying the generators equality and inequality constraints.
When the generation bids are submitted, congestion cost is
computed using the following mathematical equations. The
objective function of this congestion management problem
can be written mathematically as:

minTC = i(CkAng +DAPy) S/hr (4)
j=1
Where,
TC is the total congestion cost in S/hr
C, is the incremental biding cost
D, is the decremented biding cost
APG*J. is the amount of active power increment

in the generator j.

APG’J. is the amount of active power decrement

in the generator j.

3.1 Equality constraints:
3.1.1 Real power balance:

N
Pyi —Pai — 2 VillVj | Y| cos(s; — 55 —65) = 0 (5)
1

3.1.2 Reactive power balance:

N
Qgi—Qdi_ZM‘MHYﬁ sin(6, -6, - ;) =0 (6)
j=1
P, = chi +AP; —AP, ;i=123..ng 7
Pdk = Pdck ,k 21,2,3....Nd (8)
3.2 Inequality constraints:
3.2.1 Real power generation output:
PGTin <P < R i=1..ng (%)
3.2.2 Reactive power generation output:
QUM <Q, < Q™ i=1..ng (10)

3.2.3 Incremented or decremented real limit:
(P —P") = AP <AP, <APJ™ =(P7™ -P,) (1)

gi —

AP >0;AP; >0 (12)

gi gi —

4. RESULTS AND DISCUSSION

The performance of BHA algorithm in congestion
management problem is tested in the modified IEEE-30 bus
and the modified IEEE-57 bus systems. The modified IEEE-
30 bus system consists of 41 transmission lines, 24 load buses,
6 Generator buses with a base load of 283.4 MW active power
and 126.2 MVAR reactive power. In the modified IEEE-57
bus system there are 50 load buses, 80 transmission lines, and
7 generator buses with a total load of 1250.8 MW real power
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and 336.4 MVAR reactive power. Line data and bus data for
both the test case systems are taken from the [27]. Here, four
cases have been taken as shown in the table.

The different operating conditions considered for congestion
management are as in table Evaluated conditions in the test
case.

Table 1. Different cases considered

Sl Case Conditions applied in Test System
No the system
Modified
1 Case A | Outage of line 1-2 IEEE-30 bus

Load at all the buses are | Modified
2 Case B | raised by 20% IEEE-30 bus

2 bilateral transactions
T1- 20 MW from bus 9 to | Modified

3 Case C | bus 13 IEEE-57 bus
T2- 10 MW from bus 3 to
bus 41

2 multilateral transactions
T1-50 MW from bus 4 to
4 Case D | bus 15 as 20 MW & bus | Modified

19 as 30 MW. IEEE-57 bus
T2-25 MW from bus 10
bus 47 as 10 MW & bus
56 as 15 MW

4.1 Case: A

The primary cause of transmission congestion is taken in this
case. Line outage contingency screening and ranking shows
that line 1-2 is the most critical one in IEEE-30 bus system.
Congestion due to the outage of the line is relieved by
rescheduling the power output from the generators.
Performance wise BHA is better than the other two
algorithms. Total congestion cost suggested by BHA is only
476.983% while it is 665.4502$ by PSO and 586.2415% by
BBBC. The cost shown by BHA is much low and it is proving
the strength of the algorithm.

Table 2. Optimal rescheduling power for case A

Rescheduled BBBC PSO BHA
power Technique | Technique | Technique
P., 129.632 129.992 129.915
P., 67.5414 62.4440 71.9032
P.s 24.7957 28.1494 24.6938
P., 35.2147 37.8556 35.0047
Pss 21.6808 18.0638 18.0412
Pse 17.7766 20.0729 17.1301
Congestion 586.789 665.4502 476.983
Cost
Loss 13.2415 13.1784 13.2884
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It is clear from table 3 PSO recommends for decremental
change in all the generators except at generator 1 for relieving
congestion. BHA and BBBC are behaving in a similar way in
managing congestion as both the methods taking same pattern
of incremental or decremental change. For minimum
congestion cost, BHA shows relatively large change than PSO
and BBBC methods at generator 2.

Table 3. Optimal change of real power for case A

o UP/DOWN adjustment of participating generators (MW)

g

£ AP, AP, AP, | AR, [ AR, [ AR,
2

BBC -8.9577 9.9814 0.2357 | 0.2147 | -0.1534 | 1.1666
PSO -8.5973 4.8840 3.5894 | 2.8556 | 2.1429 | 3.4629
BHA -8.6746 14.3432 0.1338 | 0.0047 | -0.7999 | 0.5201

Power flow in the lines of the system under different
conditions are compared in figure 1. Outage of line 1-2 results
in overflow in lines 2 and 4. The congested flow in these two
lines are removed by rescheduling of generator powers. It is
obvious from the figure that all the three algorithms are
succeeded in congestion management.
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Figure 2. Convergence behaviour of BHA in case A

4.2 Case B

Increase in load causes transmission congestion. In this case,
load at all the 24 load buses are increased by 20%. The total
real and reactive power demands are 340.08 MW and 151.44
MVAR respectively. As a result, line 1 gets congested.
Congestion cost occurring in rescheduling of real power by
the three methods are compared in table 4. Congestion cost
found by BHA algorithm is better than the costs reported by
PSO and BBBC algorithms.

Table 4. Optimal rescheduling for case B

150
145 | u Rated MVA
u Congested
140 | MVA
BBBC
135 |
= PSO
k=)
5 130 - = BHA
S
[e]
o 125 |
120 |
115 |
110 |
Line No 1-7 ~Line No 7-8
Congested line

Figure 1. Power flow through the lines (Case A)

Strength of an optimization algorithm is generally analyzed by
the number of times the algorithm is run for finding the global
best solution. The algorithm maintains the best solution at
different iterations and converged to the global best solution
at the 60" iteration. Within 100 iterations best solution is
reached.

Rescheduled BBBC PSO BHA
power Technique | Technique | Technique
P., 172.5337 190.2066 181.6946
P, 81.0509 61.3884 73.8379
P., 24.7049 28.6971 26.0898
P, 37.0619 35.5828 34.9799
Pss 18.3775 18.9187 18.1488
Pss 18.3373 17.6376 17.7019
Congestion Cost 1412.6 1487.1 1396.9
Loss 11.9862 12.3512 12.3699

In rescheduling of real power, all the three algorithms are
behaving in the same manner. The change in power is
decremental at all the generator buses.

Table 5. Change in power for case B

o UP/DOWN adjustment of participating generators (MW)

g

c

§ AP, AP, APy, APy, AP;5 APy,
[

BBBC | 33.9437 | 23.4909 0.1449 | 2.0619 0.4475 | 1.7273
PSO 51.6166 | 3.8284 41371 | 0.5828 0.9887 | 1.0276
BHA 43.1046 | 16.2779 1.5298 | -0.0201 | 0.2188 | 1.0916
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For clear understanding of the congestion relief, line flow
through the congested line 1-2 is depicted in figure 3. BBBC
outperforms the other two algorithms of PSO and BHA in
relieving the line. However, the objective of minimum cost
for removing congestion is achieved only by the proposed
BHA algorithm.

160 u Rated MVA
140
z 120 1 = Congested
3 100 - MVA
g 80 - BBBC
e 60 -
40 - PSO
20 -
o 4 ®BHA
Line No 1-2
Congested line

Figure 3. Power flow through the lines (Case B)

Convergence characteristic of BHA in this case is shown in
figure 4. The number of iterations taken to reach the best
result is only 25. The number of iterations taken is much
encouraging and proves the efficiency of the algorithm
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Figure 4. Convergence behavior of BHA in case B

4.3 Case C

In a deregulated power market, there are bilateral transactions
between GENCOs and DISCOs causing overload in lines
connecting them. Here, two bilateral transactions, one
between buses 9 and 13 and the other one between buses 3
and 41 are taken. The farmer transaction is for 20 MW and the
later is for 10 MW. Congestion cost reported by the three
algorithms is compared in table 6. In this case also the cost
suggested by the BHA algorithm is the minimum one. The
saving in cost by BHA is 10054.8 $ when compared to PSO
and 437.9 $ to BBBC

Table 6. Optimal rescheduled power for case C

Rescheduled | BBBC PSO BHA

power Technique | Technique | Technique
P, 156.026 174.831 151.785
P, 100.000 99.9855 94.1063
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P., 45.3448 46.3399 42.7881
P., 89.7372 79.2741 90.0794
Pss 435.662 447.775 449.767
P, 89.0122 85.4515 80.5799
P, 356.719 339.720 363.709
Congestion 3277.70 3894.60 2839.80
Cost
Loss 21.7026 22,5781 22.0171

The ups and downs in the rescheduled pattern of real power
are illustrated in figure 5. The three algorithms follow
different change in line flow pattern in congested lines after
adjustment of power generation from different generators is
compared in figure 6. All the three algorithms are succeeded
in relieving congestion in the lines. However the algorithms
are so tuned that the total congestion cost is minimal and that
is why the level of relief is different for different algorithms.

40 4 =BBBC =PSO BHA
30 -
20

10

Change in power

Gl G2 G3 G7

Generator no

Figure 5. Amount of change in power (Case C)

250 ~
= Rated MVA
200 -
2
S 150 - = Congested
] MVA
5 100 -
o BBBC
50 -
PSO
0 i
Line No 5-6 Line No 6-
12 EBHA
Congested line

Figure 6. Amount of change in power (Case C)

Convergence quality of BHA in case C is plotted in figure 7.
The algorithm takes about 60 iterations to establish the global
best results.
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Figure 7. Convergence behavior of BHA in case C

4.4 Case D

In this case, a multilateral transaction as shown in table 1 is
introduced and this results in congestion of lines 8-4, 5-6 and
6-12. Real power settings corresponding to market clearing
price is rescheduled for relieving congestion. The three
algorithms are attempted in this task. It is clear from the table
7 that the total congestion cost achieved by the BHA is less
than that by BBBC and PSO algorithms

Table 7. Optimal rescheduled power for case D

Rescheduled BBBC PSO BHA
power Technique | Technique | Technique
Pa. 136.2373 184.762 154.6814
P, 100.0000 92.6939 100.0000
P., 87.4114 44.0997 43.6182
P, 89.3565 79.7630 89.5093
P.s 424.5687 450.6397 444.1082
Pss 89.2517 73.3911 76.6197
P, 354.6537 357.1931 373.3758
Congestion 6494.7 6580.9 6028.3
Cost
Loss 30.6793 31.7425 31.1126

Change in real power schedule for congestion management by
the three algorithms is shown in figure 8. For relieving the
congestion in the transmission line all the algorithms are
suggesting same type of change
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Figure 8. Amount of change in power (Case D)

A multilateral transaction as given in table 1 is considered in
case D. As a result of the transaction, three lines out of 80
lines in the Modified IEEE-57 are congested. Real power
generation pattern is adjusted for relieving congestion in line
8-4, line 5-6 and line 6-12. Figure 9 shows the line flows
through the congested lines before and after the congestion
management. All the three algorithms are performing almost
equally in the congestion management. Congestion due to the
multilateral transaction is relieved by using the three
algorithms.

250 -
200 -
2
= 150 - B Rated MVA
% 100 -~ Congested MVA
= 50 - BBBC
0 - PSO

Line no Line No Line No B BHA
8-4 5-6 6-12

congested line

Figure 9. Power flow through the lines (Case D)

IEEE-57 bus system is a large sized power system moreover a
multilateral transaction is taken as the cause for congestion.
However, the BHA algorithm performs in a better manner
with regard to convergence to the global best results. It is
evident from the figure 10 that the algorithm is independent of
the system size and is a reliable one.
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Figure 10. Convergence behavior of BHA in case D

28



5 CONCLUSION

In this work a new nature inspired algorithm, the BHA is
suggested for a power system problem. The algorithm is
simple, with less number of parameters to be tuned and can be
easily coded in Matlab language. Transmission congestion
and availability of transmission capacity are the two key
issues in operation of restructured power markets and are to
be addressed. Rescheduling of power generation is followed
in this work for congestion management. Three different
algorithms, namely BBBC, PSO and BHA are used for
congestion management through real power rescheduling. It is
obvious from the numerical results that the BHA algorithm
outperforms the other two algorithms in the congestion
management. The performance of the BHA is tested on two
test cases of Modified IEEE-30 bus system and Modified
IEEE-57 bus system. Further, four different cases of
congestion are taken. The BHA algorithm performs better in
all the four cases and optimizes the total congestion cost.

This BHA algorithm can be of useful in other power system
optimizations like economic load dispatch, optimal power
flow etc. The present work can be enhanced in the future by
following the real power sensitivity factors based re-dispatch
of real power output from generators.
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