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Abstract-This paper proposes a new hybrid meta-heuristic
method for profit-based unit commitment (PBUC) that considers
units with nonlinear cost function. The proposed method aims at
global optimization to carry out profit maximization under
competitive environment. The objective of the traditional UC is
to minimize operation-cost while satisfying the constraints.
However, power system operation needs reformulate tasks that
reflect the changes due to the deregulated power systems. As a
result, GENCO is interested to determine generation scheduling
from a standpoint of maximizing profit under competitive
environment. The problem may be formulated as PBUC that
corresponds to a nonlinear mixed-integer problem. It is hard to
solve due to the complexity. In this paper, a new hybrid
meta-heuristic method is proposed to solve PBUC. It makes use
of improved TS-EPSO techniques that evaluates solutions with
two layers of meta-heuristics. Layer 1 determines the on-off state
of generators with Tabu Search (TS) while Layer 2 evaluates
output of generators with the evolutionary particle swarm
optimization (EPSO). TS is very useful for solving a
combinatorial optimization problem efficiently. EPSO has better
performance in dealing with an optimization problem with
continuous variables. In this paper, TS-EPSO is improved to give
more accurate solutions with less CPU time. The proposed
method determines a new load curve for maximizing the profit
finally. The effectiveness of the proposed method is successfully
applied to a sample system.

Index Terms—unit commitment, profit maximization, hybrid
meta-heuristics, mixed-integer problem, TS, EPSO, global
optimization

1. INTRODUCTION

HIS paper proposes a new profit-based unit commitment

(PBUC) that considers units with nonlinear cost function
and an improved hybrid meta-heuristic method. The proposed
method consists of two meta-heuristic techniques to solve unit
commitment (UC) for maximizing profit under competitive
environment. The traditional UC is one of difficult scheduling
problems for minimizing operation cost of units while
satisfying the constraints on generators and system
characteristics [1]. However, in recent years, power systems
become deregulated and competitive so that the power system
operation requires the problem reformulation that reflects the
changes under new environment. The deregulated power
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systems make new GENCOs supply electric power to players.
That brings about the advantage and disadvantage of
GENCOs. The advantage is that they do not necessarily have
to meet load demand for tight load demand since there are a
number GENCOs. On the other hand, the disadvantage is that
the revenue decrease through not supplying electric power. As
a result, GENCOs are interested in determining generation
scheduling from a standpoint of maximizing a profit under
competitive environment. The problem may be formulated as
profit-based UC (PBUC). It plays a key role to deal with
maximizing profits and minimizing risks. GENCOs do not
have to meet the constraints on demand and reserves [8]. In
the new problem formulation, the electricity price become
more important as a parameter. PBUC is very useful for
evaluating optimal bidding strategies [9]. In addition, the fuel
cost function is approximated by the quadratic function in the
conventional methods. The indifferentiable nonlinear fuel cost
function of large steam turbine generators is not considered for
PBUC. As a result, it is necessary to hedge risk through
realizing the practical approach [5], [7].

The problem formulation of unit commitment may be
expressed as a nonlinear mixed integer problem. It may be
divided into two phases; Phase one is a discrete optimization
problem for determining optimal on-off state of generators
while the other is a continuous optimization problem for
evaluating optimal output of generators that corresponds to
economic load dispatching (ELD). The conventional methods
used mathematical programming such as nonlinear
programming, dynamic programming, integer programming as
well as heuristics. It is difficult to solve the real-world
problems due to the deterioration of computational efficiency
and/or solution accuracy.

In recent years, meta-heuristics is very attractive in a sense
that it gives better solutions within given time [1]. It means an
optimization method that repeatedly makes use of simple rules
and heuristics to evaluate highly approximate solutions of a
global minimum efficiently. Specifically, it has a couple of
advantages. One is to obtain better solutions through a strategy
for escaping from a local solution. The other is to handle
indifferentiable cost functions and constraints.

This paper proposes a new hybrid meta-heuristic method
for the PBUC problem. The proposed method evaluates a
highly approximate global optimal solution to realize that
GENCO maximizes a profit under competitive environment.
Hybrid meta-heuristics means an optimization method that
combines a meta-heuristics method with others to outperform
the conventional meta-heuristics. Recent research results have



shown that hybrid meta-heuristics gives better results than
simple meta-heuristics [1], [6]. The proposed hybrid
meta-heuristics method consists of TS (Tabu Search) and
EPSO (Evolutionally Particle Swarm Optimization). In
addition, TS and EPSO are improved to enhance solution
accuracy and computational efficiency. The improved TS at
Layer 1 determines the optimal on-off state while the
improved EPSO at Layer 2 evaluates the optimal output of
each unit. The proposed method handles any type of
generators by EPSO. In the proposed method, PBUC is solved
from the final solution of UC. The proposed method
determines a new load curve for maximizing the profit. This
paper proposes flexible PBUC by considering nonlinear unit.
The effectiveness of the proposed method is demonstrated in a
sample system.

II. PROBLEM FORMULATION

This section describes the problem formulation of PBUC
under competitive environment. The objective is to maximize
profit while satisfying the constraints on the demand, unit
output and minimum up or down time of unit, reserves, and so
on. The PBUC problem may be represented as a constrained
maximization problem.
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PF : profit of GENCO
RV : revenue of GENCO
TC : total cost of GENCO
n : no. of units

¢ : time duration

P;;: power generation of unit i for duration ;
ST;,; : on-off state of unit i for duration ;
SC;: start-up cost of unit i

DC;: stop-down cost of unit

D; : forecasted total loads for duration j
P, : minimum generation of unit i

P, ; ‘maximum generation of unit ¢

MU, : minimum up time of unit

MD; : minimum down time of unit i

SR; : forecasted reserve for duration ;

R;;: reserve generation of unit i for duration ;
a; b, ¢, e, f;: coefficients of unit i

h-cost; : hot_start_cost of unit 7

c-cost; : cold_start_cost of unit i

X7 : continuous down time of unit i

The left side of (1) that expresses the profit is maximized.
Equation (2) of the generation cost consists of fuel costs,
start-up costs and stop-down costs is deducted from equation
(3) of the revenue of GENCO. Equations (3) consists of spot
price and generations. Equations (4) and (5) are different from
the traditional UC in a way that if more profit is generated,
GENCOs may select demand and reserves less than the
forecasted ones. Equation (6) defines the limitation of unit
output from the lower to the upper bound. Equations (7) and
(8) express the minimum period that each unit continues
on-state and off-state, respectively. Equation (9) denotes the
fuel cost function of usual generators. Equation (10) is the fuel
cost function of large steam turbine generators. This type unit
opens turbine valves to gain further generations. For valve
point loading, the absolute value of the sine wave is added to
(9) [7]. As it is indifferentiable, it is hard to solve with the
gradient method. Equation (11) is the characteristics of the
start-up cost. The start-up cost increases corresponding with
the continuous down time.

III. Ts AND EPso

As fundamental meta-heuristics, this section describes TS
and EPSO that deal with discrete and continuous variable
optimization, respectively. TS is useful for solving a
combinatorial optimization problem efficiently [2]. Glover
developed TS that added the adaptive memory function called
tabu list to the hill climbing method (HCM). It creates and
searches neighborhood solutions that are based on an initial
solution, and moves to the best solution of the neighborhood.
By repeating this procedure, it evaluates the best solution. As a
result, HCM 1is faced with a problem to fall into a local
solution easily. Therefore, TS saves the movement history of
the solution in the tabu list so that it enables to escape from a
local solution by prohibiting a certain movement. TS gives the
highly precise approximation solutions close to the global
solution.

EPSO proposed by Miranda [4] is an extension of PSO
developed by Kennedy and Eberhart [3]. Although PSO looks
useful, it has a drawback that the adjustment of the parameters
is very hard in real-world problems. EPSO combines PSO
with the evolutionary strategy to solve an optimal problem
effectively. PSO is one of the swarm intelligence techniques



that simulates the behavior of the swarm of bird or fish and
optimizes the function with multi-point search called agents.
PSO discovers bait, i.e., an optimal solution while sharing
information in a swarm. Also, it is good at solving a problem
with continuous variables. The agent memorizes the best
solution of the self and the whole swarm in each search history,
and determines the next direction to move using them
stochastically. However, PSO need set the parameters that are
the most suitable for a given problem to escape from a local
solution. It is quite hard to tune up them actually. To improve
the performance of PSO, EPSO combines the PSO method
with the evolutionary strategy of the replication, mutation and
reproduction, evaluation and selection. In other wards, EPSO
means a technique that takes in the information exchange of
the search in PSO and concepts such as natural selection or the
mutation in the evolutionary strategy. By carrying out this
strategy, high quality individuals are saved. It is possible to
determine the good direction of the next generation through
the self-adjustment of the parameters. EPSO also searches
various from one agent. In addition, it may search the solution
candidates in the neighborhood of the best solution. EPSO
discovers better approximation solutions of the global solution
by escaping from a local minimum.

IV. PROPOSED METHOD

This section proposes an efficient hybrid meta-heuristic
method that consists of variable neighborhood TS (VTS) and
parallel EPSO with island model (PEPSO). The hybrid
meta-heuristics for the PBUC consists of two layers in which
Layer 1 optimizes on-off states of unit by TS and Layer 2
evaluates the optimal output of unit by EPSO. The
conventional TS has a drawback that search space is small in
sense that it gets stuck in ta local solution. Therefore, TS is
improved by applying variable neighborhood search to TS.
The improved TS is referred to as Variable neighborhood Tabu
Search(VTS). EPSO has shown the effectiveness in various
complicated problems. However, EPSO has room for
improving the solution quality and computational efficiency.
Therefore, EPSO is improved by employing an island model
like parallel GA.

A. Two-Layered Meta-heuristics

Two layered meta-heuristics is effective for solving a
nonlinear mixed integer problem. It consists of two layers in
which Layer 1 determines the on-off state of generators with
TS while Layer 2 evaluates output of generators with EPSO
(see Fig. 1). First, TS makes neighborhood solutions around
an initial solution at Layer 1. EPSO at Layer 2 evaluates ELD
each time neighborhood solutions are created at Layerl. By
repeating the above process, the state and output of units are
evaluated through the decomposition of optimization at Layers
1 and 2..

Layer 1

Layer 2

O :Initial O :Solution candidates of Layer 1
@ :Solution candidates of Layer 2

O :Search Space in Each Layer

Fig. 1. Concept of two layered meta-heuristics

B. Variable Neighborhood TS (VTS)

VTS is proposed to find out better solutions at Layer 1
effectively. VTS is a method that applies variable local
search(VLS) to TS. VLS proposed by Hansen aims at
obtaining better solutions[12]. VLS has advantage that it
maintains the diversity of solutions. As a result, it is expected
that VLS escapes from a local solution. By combining TS with
this strategy, TS realizes to obtain better solutions from local
minimum. In this paper, the conventional TS is carried out by
employing neighborhood of Hamming distance 1. If the best
solution of search memory of TS is updated, VTS is run with
the neighborhood search of Hamming distance 2 to keep the
solution diversity. Therefore VTS has better performance than
the conventional TS.

C. Parallel EPSO with Island Model (PEPSO)

PEPSO is proposed to improve the performance of EPSO in
terms of solution quality and computational efficiency.
Although EPSO has many advantages and shows the
effectiveness in various problems, EPSO has a drawback that
it needs wider search space in complicated problems to enhace
the performance. Therefore, this paper focus on the parallel
and distribute algorithm like the island model in GA. Fig. 2
shows the concept of parallel EPSO with island model. First
more two islands are created to exchange subpopulation with
other islands after EPSO is carried out in each island
independently. The difference between the conventional EPSO
and PEPSO is whether the migration operator is used or not.
The evolved agents in each island are selected to migrate with
other islands if the number of iterations is satisfied as the
migration interval. The rate of migration agent is called
migration rate. There exist several versions as to how to
migrate. Normally, the ling-shaped topology is created like Fig.
2. As a result, the evolution of islands is accelerated by
bringing cross cultural information to other islands. If
evolution of islands stops, the evolution of islands becomes
reactivated by migration. In that sense, the migration operator
plays an important role to improve the solutions.
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Fig.2 Concept of Parallel EPSO with Island Model

keeping the diversity of islands. The parameters of migration
rate and migration interval affect the solution quality. If each

island corresponds to one CPU processor,

PEPSO has high

performance through the distributed algorithm. The located
vectors are associated with objective parameter for EPSO. In
this paper, the located vectors are given as follows:

SR P B

o]

(12)

where, S;: located vectors set of agent i

V. SIMULATION

A. Simulation Conditions

)

iif)

The proposed method is tested in the generators,
demands and spot prices data of 10-unit system with
24-periods[8],[10]. The state of units is expressed in 240
bits by binary code. The problem size of combinations
results in 1.77x10"%. The problem to be solved is one of
more complicated problems.

The constraint on the reserves is assumed to be 8% of the
total load during the interval. In addition, the constraints
of (6) are considered in EPSO. Also, the constraints of
4), (5), (7), and (8) are taken into account in TS by
adding the penalty function to the cost function. ELD is
carried out for solution candidates that meet all the
constraints on (4), (5), (7), and (8) for reducing the
calculation time.

The proposed method is compared with the conventional
method of [10] . It does not consider nonlinear units and
traditional UC in terms of the solution accuracy and CPU
time. The first and second unit follows (10) to provide
largest maximum output. The rest follows (9). In the
proposed method, PBUC is solved from the final solution
of UC The parameters of each method are determined
through a prior simulation results and are given in Table
1. For convenience, the followings methods are defined :

Method A : Muller Method”
Method B : VTS-PEPSO" (Proposed Method)
Method C : VTS-PEPSO (Proposed Method)

Note) * mark shows that nonlinear units are not considered

Table.1 Parameters of each method

Methods Parameters
Tabu length 80
VIS No. of iterations 100
Variable rate 0.1
No. of agents 60
Replication rate 2
PEPSO Initial wy, wo, W3 0.01,0.01, 1
Ty, T2 0.02, 0.01
No. of iterations 300
No. of islands 3
Migration rate 0.1
Migration interval 50
Table.2 Comparison of each method for profit
Methods Profit [§] CPU Time [s]
Method A with UC” 75093 -
Method A with PBUC” 103296 -
Method B with UC” 90455 -
Method B with PBUC” 105873.8 131.6
Method C with UC 87956.7 -
Method C with PBUC 103374.4 144.2

Note) * mark shows that the nonlinear units are not considered.

Table.3 Generation plan of conventionalUC for Method C

Period Generations of units [MW]

1 2 3 4 5 6 7 8 9 10
1 455 245 0 0 0 0 0 0 0 0
2 455 295 0 0 0 0 0 0 0 0
3 455 370 0 0 25 0 0 0 0 0
4 455 455 0 0 40 0 0 0 0 0
5 455 390 0 130 25 0 0 0 0 0
6 455 455 0 130 60 0 0 0 0 0
7 455 455 85 130 25 0 0 0 0 0
8 455 455 130 130 30 0 0 0 0 0
9 455 455 130 130 110 20 0 0 0 0
10 455 455 130 130 162 33 25 10 0 0
11 455 455 130 130 162 73 25 10 10 0
12 455 455 130 130 162 80 25 10 43 10
13 455 455 130 130 162 33 25 10 0 0
14 455 455 130 130 110 20 0 0 0 0
15 455 455 130 130 30 0 0 0 0 0
16 455 310 130 130 25 0 0 0 0 0
17 455 260 130 130 25 0 0 0 0 0
18 455 360 130 130 25 0 0 0 0
19 455 455 130 130 30 0 0 10 10 0
20 455 455 130 130 162 48 0 0 0 0
21 455 455 130 130 110 20 0 0 0 0
22 455 455 0 130 40 20 0 0 0 0
23 455 425 0 0 0 20 0 0 0 0
24 455 345 0 0 0 0 0 0 0 0




Table.4 Generation plan of PBUC for Method C

Period Generations of units [MW]
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Fig.3 Load Curve of profit maximization for Method C

Ouc E pBUC

5000
4500

4000
3500
3000

2500
2000
1500
1000

Revenue [$]

500

0
1234567 89101112131415161718192021222324
Period

Fig.4 Comparison of revenue with each period for Method C
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Fig.5 Comparison of profit with each period for Method C

B. Simulation Results

Table 2 gives the comparison of each method for the profit
and CPU time for UC and PBUC. It can be seen that the
proposed method of Method B is better than Method A in
terms of the profit for both UC and PBUC in case where the
nonlinear units are not considered. In UC, the proposed
method solves the minimum cost planning efficiently so that it
obtains more profit than Method A. In addition, the proposed
method makes use of the final solution of UC as the initial
solution of PBUC. The proposed method succeeded in
reducing about 2.5% for Method A. Next, in case where the
nonlinear units are considered, the profit of Method C is worse
than Method B. The difference between two methods is
2499.4 [$]. This implies that nonlinear units are increased for
the future or approximate units are used every day, so that
serious damage may be received for accumulations of that
difference of error calculation for the future. To avoid risk for
the future, it is important that PBUC planning with nonlinear
units is proposed. Method C succeeded in increasing about
17.5% of the profits for traditional UC. Although Method C is
worse than Method B in terms of CPU time, the difference of
12.6 [s] is acceptable. Tables 3 and 4 show generation plans of
UC and PBUC, respectively. It can be seen that the generation
plan of UC is different from one of PBUC obviously. Fig. 3
shows a load carve where the profits of maximization are
obtained finally. The load curve obtained in PBUC has
indicated that PBUC decreases all the generations if power
demands of the first load cuve in UC is high, t more profits are
obtained. Fig. 4 shows difference of revenues in UC and
PBUC of every period, respectively. Fig. 5 shows the
difference of profits between in UC and PBUC for every
period. Fig. 4 indicates that UC obtains more revenue than
PBUC for most periods. This reason is why PBUC decreases
generations of power. However, PBUC obtains more profits
than UC in Fig. 5 so that the disadvantage of PBUC with
regard to revenues is acceptable. In addition, the load curvee is
obtained for the profit maximization It is expected that the
deregulation of power systems becomes more activated by
solving PBUC. Therefore, the simulation results have
indicated that the proposed method gave a better solution
effectively.



VI. CONCLUSION

In this paper, a new hybrid meta-heuristic method has been
proposed to handle the profit-based unit commitment problem
under competitive environment. It is based on an improved
hybrid meta-heuristic of VTS and PEPSO. The results
obtained may be summarized as follows:

i) This paper proposed an efficient hybrid meta-heuristic
method that divides the nonlinear mixed-integer
problem of the PBUC into two layers. The use of EPSO
has advantage that it deals with indifferentiable cost
functions of large steam turbine generators. VTS finds
out better solutions by applying variable neighborhood
search to TS. PEPSO with island model provided better
solutions with less computational time.

ii) The proposed method was applied to the 10-units
systems in which some units have the indifferentiable
fuel cost function. The proposed method succeeded in
increasing about 17.5% of the profits for traditional UC.
To avoid risk in the future, it is important that PBUC
planning with nonlinear units is proposed. It is expected
that the proposed method is useful for determining a
new load carve for maximizing the profit. The proposed
method allows GENCOs to make a profit as the manage
strategy effectively.
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