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a b s t r a c t

The dynamic environmental economic dispatch (DEED) model is presented in this paper, in which the
fuel cost and emission effect over a certain period of time are optimized as conflicting objectives. It is
a high dimensional, nonlinear constrained multiobjective optimization problem when generators’ valve
point effect, ramp rate limits and power load variation are considered. This paper proposes a modified
adaptive multiobjective differential evolution (MAMODE) algorithm to solve the problem. In MAMODE,
expanded double selection and adaptive random restart operators are proposed to modify the evolution-
ary processes for avoiding premature and a dynamic heuristic constraint handling (DHCH) approach is
introduced to deal with the complicated constraints. The DHCH can lessen infeasible solutions gradually.
To illustrate the effectiveness of the method, four cases based on three test power systems are studied.
The simulation result indicates that the DEED can be solved quickly. Comparison of numerical results
demonstrates the proposed method has higher performance.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Power system optimal operation needs accurate load forecasting,
suitable unit commitment and scientific power load allocation. Gen-
erally, power load allocation is operated based on the previously
determined unit commitment and predicted load curve; it is usually
classified as economic dispatch (ED) [1–5] and dynamic economic
dispatch (DED) [6–11] according to the division of schedule period.
In the past decades, environmental pollution has received more and
more attention. The Clean Air Act Amendments of 1990 [12] have
forced the electric power industry to reduce pollution emissions.
In addition to installing emission reduction equipment, emission
dispatch is an effective alternative choice. Therefore, the economic
emission dispatch (EED) model optimizing the fuel cost and emis-
sion simultaneously have been intensively studied in the past years
[13–19]. However, the EED is a static model which does not consider
the generators’ ramp rate limits and cannot ensure the global opti-
mization from the whole schedule horizon. In view of the impor-
tance of DED and EED as well as their respective shortcomings, the
coupling model called dynamic economic emission dispatch (DEED)
should be studied. However, there are little literatures for this prob-
lem. DEED serves to schedule the generators’ outputs over the whole

dispatch period with the consideration of multiple objectives, gen-
erators’ ramp rate limits and power load variation. So it is closer to
the practical but it is more difficult to be solved because of the
high-dimensional and multiple objectives. If considering the nonlin-
ear factors of power losses, valve point effect and prohibited operat-
ing zones further, the problem would be more complicated.

The DEED can be simplified by treating the emission as a con-
straint and minimizing the fuel cost. However, the emission con-
straint scope is unclear before. If the trade-off curve between
emission and fuel cost is convex, the solution with the minimum
fuel cost must locate at the boundary of the emission constraint
scope. In this situation, the model equals to the DED and the result
is not conducive to scientific decision making. In the recent years,
to simplify the problem, weight method [20,21], fuzzy satisfying
method [22] and price penalty factor [23] are employed respec-
tively to convert the model into a single objective optimization
problem. All of these methods have achieved good results, but only
one solution can be obtained after the program run once and the
true non-inferior solutions are hard to get. The problem can also
be simplified by converting into a series of static EED according
to the dispatch period dividing [24]. However, there are many non-
dominated solutions for each EED. How to combine these solutions
at each interval into complete solutions of the whole dispatch per-
iod is a complicated problem. Furthermore, the combined solution
may not be global optimization from the perspective of the whole
dispatch horizon. In addition to these literatures, the DEED model
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is solved as a true multiobjective problem by using NSGA-II and
good results are obtained in [25]. However, due to lack of efficient
constraint handling and global search ability, the Pareto front ob-
tained is not distributed widely enough. To date, no other methods
can solve the problem efficiently.

Differential evolution (DE) is a powerful algorithm developed
by Storn and Price [26] which could achieve good results in both
single objective optimization and multiobjective optimization
[27–33]. However, it shows premature convergence in solving
some complicated problems. In this paper, a modified adaptive
multiobjective differential evolution algorithm (MAMODE) is pro-
posed to solve the DEED problem. For avoiding the premature,
the evolutionary operators of DE are modified and expanded to
strengthen the global search ability. According to the feature of
constraints, an effective dynamic heuristic constraint handling
(DHCH) approach is presented and embedded into MAMODE to
deal with the infeasible solutions. Fast nondominated sorting and
external archive strategies are used to select and preserve elite
solutions along the evolution, respectively. To verify the effective-
ness of the proposed method in solving DEED, four simulation
examples are studied based on three power systems. The numeri-
cal result shows that the DEED can be well solved quickly.

The rest of this paper is organized as follows: Section 2 presents
the problem formulation. Related works and key points of MA-
MODE are described in Section 3. In Section 4, the proposed meth-
od using MAMODE to solve DEED is given. Four cases based on
three power systems are studied and the simulation results are dis-
cussed in Section 5. The conclusion is summarized in Section 6 fol-
lowed by an acknowledgement.

2. Problem formulation

2.1. Objectives

2.1.1. Minimization of fuel cost
For each generating unit, the fuel cost of a generating unit con-

sidering valve-point effect can be modeled as the sum of a qua-
dratic and a sinusoidal function. The total fuel cost (FC) over the
whole dispatch period is expressed as

min FC ¼
XT

t¼1

XN

i¼1

½ai þ biPi;t þ ciðPi;tÞ2 þ jdi sinðeiðPi;min � Pi;tÞÞj�

ð1Þ

where T is the number of intervals in the dispatch period; N is the
number of generating units; Pi,t is the power output of ith generat-
ing unit at interval t; Pi,min is the lower output limit for ith generat-
ing unit; ai, bi, ci, di, and ei are the coefficients of fuel cost function
for the ith generating unit.

2.1.2. Minimization of emission
The main atmospheric pollutants of power system caused by

fossil-fueled generators are SOx, NOx and CO2. The emission of each
pollutant can be modeled separately. In this paper, the emission of
a generating unit is modeled as the sum of a quadratic and an
exponential function. The total emission (EM) over the whole dis-
patch period is expressed as

min EM ¼
XT

t¼1

XN

i¼1

½10�2ðai þ biPi;t þ ciðPi;tÞ2Þ þ gi expðdiPi;tÞ� ð2Þ

where ai, bi, ci, gi, and di are the coefficients of emission function of
the ith generating unit.

2.2. Constraints

(1) Generator capacity constraints

Pi;min 6 Pi;t 6 Pi;max; ði ¼ 1;2; . . . ;N; t ¼ 1;2; . . . ; TÞ ð3Þ

where Pi,min, Pi,max are the lower and up generation output limit of
the ith generating unit.

(2) Real power balance constraints

XN

i¼1

Pi;t � PL;t � PD;t ¼ 0; ðt ¼ 1; . . . ; TÞ ð4Þ

where PD,t and PL,t are the load demand and power loss at interval t,
respectively. The exact value of PL,t can be determined by a power
flow solution, but the most popular approach for finding an approx-
imate value is by the way of Kron’s loss formula:

PL;t ¼
XN

i¼1

XN

j¼1

Pi;tBijPj;t þ
XN

i¼1

Pi;tBi0 þ B00; ðt ¼ 1; . . . ; TÞ ð5Þ

where Bij is the ijth element of the loss coefficient square matrix, Bi0

and B00 are ith element of the loss coefficient vector and the loss
coefficient constant, respectively.

(3) Generators’ ramp rate limits

Pi;t � Pi;t�1 6 URi � Dt

Pi;t�1 � Pi;t P DRi � Dt

�
; ði ¼ 1;2; . . . ;N; t ¼ 1;2; . . . ; TÞ

ð6Þ

where URi and DRi are the ramp up and down rate limits of ith gen-
erating unit, respectively, Dt is the length of each time interval.

2.3. Mathematical model

Aggregating the objectives and constraints listed above, the
DEED problem can be formulated as a nonlinear constrained mul-
tiobjective optimization problem (MOP). Without loss of general-
ity, the MOP can be described mathematically as follows [34]:

min y ¼ ðf1ðxÞ; f2ðxÞ; . . . ; fkðxÞÞ
s:t: giðxÞ ¼ 0; i ¼ 1;2; . . . ; p

hjðxÞ 6 0; j ¼ 1;2; . . . ; q

ð7Þ

where x is a decision vector which represents a solution of the prob-
lem; y is the objective function vector with k objectives; fi(x) is the
ith objective function; p and q are the numbers of equality and
inequality constraints, respectively.

The purpose of MOP is exploring the relationship among the in-
volved conflicting objectives and providing decision support. A
MOP gives rise to a set of Pareto optimal solutions instead of one
optimal solution. The concept of Pareto optimal is based on the
definition of ‘‘dominate’’. For a minimization MOP, a solution x1

dominates x2 (written as x1 � x2) if and only if the following two
conditions satisfied: (1) "i 2 {1, 2, . . . , k}: fi(x1) 6 fi(x2) and (2)
$j 2 {1, 2, . . . , k}: fi(x1) < fi(x2). In general, the solution which is
not dominated by any other solution is called nondominated or
Pareto optimal solution. The set of all nondominated solutions is
called Pareto optimal set, the corresponding set in objective space
is called Pareto optimal front (POF).

3. Related works and key points of MAMODE

3.1. Classic differential evolution

DE starts from a random initialized population P which com-
prises of Np floating-point encoded individuals. Each individual
xi = (xi1, xi2, . . . , xin) is a vector containing t decision variables. DE
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