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In this paper, a novel CMOQPSO algorithm is proposed, in which cultural evolution mechanism is
introduced into quantum-behaved particle swarm optimization (QPSO) to solve multiobjective envi-
ronmental/economic dispatch (EED) problems. There are growing concerns about the ability of QPSO to
handle multiobjective optimization problems. Two important issues in extending QPSO to multiobjective
context are the construction of exemplar positions for each particle and the maintenance of population
diversity. In the proposed CMOQPSO, one particle is measured for multiple times at each iteration in order
to enhance its global searching ability. Belief space, which is based on cultural evolution mechanism and
contains different types of knowledge extracted from the particle swarm, is adopted to generate global
best positions for the multiple measurements of each particle. Moreover, to maintain population diver-
sity and avoid premature, a novel local search operator, which is based on the knowledge in belief space,
is proposed in this paper. CMOQPSO is compared with several state-of-art algorithms and tested on EED
systems with 6 and 40 generators respectively. The comparative results demonstrate the effectiveness
of the proposed algorithm.
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1. Introduction

Economic dispatch (ED) can be formulated as a nonlinear con-
straint problem which aims to minimize the total fuel cost while
satisfying several equal and unequal constraints by operating elec-
tric power systems. However, power generators using fossil fuel
release some contaminants, which are the major contributors to
air pollution. With the rising of public awareness of environmental
protection, air pollution has become another important consider-
ationin allocating optimal outputs of power generators. In this case,
ED has been changed into an environmental/economic dispatch
(EED) [1] problem. EED minimizes total fuel cost and pollution
emission simultaneously and can be seen as a nonlinear multiob-
jective optimization problem with several constraints.

Various algorithms have been proposed to solve EED prob-
lems. These algorithms can be classified into two categories. For
the first category, EED has been treated as a single objective
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problem by using different strategies. In [2], EED has been reduced
to a single objective problem by considering pollution emission
as a constraint. The algorithm is implemented without consider-
ing the tradeoff between fuel cost and emission. In addition, only
a single solution can be obtained in an independent run by the
algorithm. In [3], €-constraint method has been proposed to solve
multiobjective problems. In €-constraint method, the most pre-
ferred objective is optimized and the other objectives are treated
as constraints bounded by allowable levels. In [4], a new algorithm
based on €-constraint method is proposed to solve EED problems.
The most obvious weakness of the algorithm is that it is time-
consuming and tends to find weakly nondominated solutions. In
[5-7], EED is treated as a single objective optimization problem by
the linear combination of all the objectives. A set of nondominated
solutions can be obtained by using different weight parameters.
So in order to get a Pareto front, multiple runs are required. The
algorithms belong to the second category deal with the two objec-
tives in EED simultaneously. In [8], a fuzzy satisfaction-maximizing
decision approach has been proposed to solve EED problems. In [9],
a multiobjective stochastic search technique has been introduced
for solving EED. The major drawback of the technique is that it
is time-consuming and easily trapped into local optima. Because
of the robustness and parallelism, evolutionary algorithms (EAs)
have been applied to solve various kinds of optimization problems
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successfully [10-13]. Recently, using multiobjective EAs to solve
EED problems has aroused general concern. Many evolutionary
algorithms have been adopted to solve EED problems success-
fully, such as niched Pareto genetic algorithm (NPGA) [14], strength
Pareto evolutionary algorithm (SPEA) [15], non-dominated sor-
ting genetic algorithm (NSGA) [16], differential evolution algorithm
(DE) [17-19], estimation of distribution algorithm (EDA) [20], and
so on.

Particle swarm optimization (PSO), a population-based stochas-
tic searching technology, was firstly proposed in 1995 [21]. Owing
to its simplicity and facile realization, PSO has been widely used in
dealing with many real-world problems [22-29]. However, some
studies have demonstrated that global convergence cannot be
guaranteed in a PSO system [30,31]. In order to overcome this dis-
advantage of PSO, quantum-behaved particle swarm optimization
(QPSO) is proposed [32]. QPSO has been proved to be global conver-
gent according to the analysis in [33]. Recently, quantum-behaved
particle swarm optimization (QPSO) has attracted more and more
attention. In QPSO, a significant parameter that can influence the
measurement (update) of a particle is its attractor position, which
is constructed by the particle’s personal and global best positions.
In multiobjective optimization, it is hard to find the best individ-
ual which could optimize all the objectives simultaneously, since
the objectives are mutually conflictive. So, how to obtain particles’
personal and global best positions is the major problem needs to be
solved in extending QPSO to multiobjective context. In [34], a clas-
sic multiobjective QPSO, called MOQPSO, is proposed. In MOQPSO,
a modified sigma method is adopted to generate the global best
position for each particle. Another problem that can affect the per-
formance of QPSO in optimizing multiobjective problems is the
population diversity. With poor population diversity, it is easy for
QPSO to fall into local optima and run into premature.

In this paper, a novel CMOQPSO algorithm is proposed, in which
cultural evolution mechanism [35] is introduced into QPSO to solve
the two above-mentioned problems. The main differences between
CMOQPSO and traditional QPSO are listed below.

(a) Inspired by cultural evolution mechanism, belief space, which
contains three types of knowledge extracted from particle
swarm, is adopted in CMOQPSO.

(b) In CMOQPSO, each particle is measured for multiple times at
a single iteration. If the tested problem has M objectives, then
each particle will be measured for M + 1 times. The first M mea-
surements only consider one objective separately. For example,
the 1st measurement focuses on the 1st objective, the 2nd mea-
surement focuses on the 2nd objective, and so on. The last
measurement ((M+1)th measurement) takes into account all
the objectives. For each particle, the global best positions of the
M+1 measurements can be obtained by using the knowledge
in belief space. Multiple measurements can enhance the global
searching ability of the algorithm.

(c) Anovellocal search operator, which is guided by the knowledge
in belief space, is proposed to maintain population diversity and
avoid premature convergence in this paper.

To summarize, in the proposed CMOQPSO, each particle is
measured for multiple times. The global best position for each mea-
surement can be obtained according to the knowledge in belief
space. So, there exists a continuous cycle between particle swarm
and belief space. Specifically, the knowledge in belief space is
extracted from particle swarm and then the particles are measured
(updated) according to the knowledge stored in belief space. More-
over, a local search operator, which is guided by the knowledge in
belief space, is proposed to maintain population diversity and avoid
premature convergence. In this paper, belief space contains three
types of knowledge, namely situational knowledge, topographical

knowledge and history knowledge. Situational and topographical
knowledge is used to generate global best position for each mea-
surement. Topographical knowledge is adopted in the proposed
local search operator. The detailed description of CMOQPSO has
been given in Section 3.3.

The proposed algorithm is adopted to solve EED problems and
tested on two EED systems. The contents of this paper are organized
as follows. Section 2 introduces the formulation of EED problems.
Section 3 gives the detailed description of CMOQPSO for solving
EED problems. Section 4 shows the comparative experiments and
achieved results. Section 5 draws the concluding remarks.

2. Formulation of EED problems

EED can be formulated as a constrained multiobjective problem
which minimizes two conflicting objectives, i.e. the total fuel cost
and the emission of harmful pollutants of the tested power system.

2.1. Objective functions

2.1.1. Fuel cost function

The total fuel cost can be calculated as a quadratic function,
which is shown in Eq. (1). Where, P; and F(P;) are the power output
and the fuel cost of the ith generator respectively. Ng is the number
of generators in power system.

Ng Ng
min Y "F(P,) = (a; +biPi + iP?) (1)
i=1 i=1

Taking into account the practical operating conditions of power
generators, the fuel cost function can be modified by adding a non-
linear sinusoid function as shown in Eq. (2) [36]. Where, q;, b;, ¢;, d;
and e; are the fuel cost coefficients of the ith generator. Pl.min is the
minimized power output of the ith generator.

Ng Ng

min Y "F(P) = (4 +biPi + c;P? + le;sin(d;(PM™™ — P))))  (2)

i=1 i=1

2.1.2. Emission function

The total emission of harmful pollutants can be calculated by
Eq.(3) [37]. Where, ¢, Bi, Vi, €; and A; are the emission coefficients
of the ith generator.

Ng Ng
min Y "E(P) =Y (& + BiP; + viP? + giehif) 3)
i=1 i=1

2.2. Constraints

2.2.1. Output constraint of each generator

The output of each generator must be within the given range.
That is, the following constraint, as shown in Eq. (4), must be sat-
isfied for each generator. Where, Pimi“ and P/"# are the boundary
values. P; is the output of the ith generator.

pmin < p; < pmax (4)

2.2.2. Power balance constraint of system
The power balance constraint can be formulated as Eq. (5). Pp is
total demand and Py is total transmission loss.

Ng
ZPiZPD+PLoss (5)
i=1
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Fig. 1. Scheme of CMOQPSO.

Pjoss can be calculated by Eq. (6) [38]. Where, B, By and Byg are
the loss coefficients.

Ng Ng Ng

Pposs = ZZPiBi,ij + ZBOiPi + Boo (6)

i=1 j=1 i=1
2.3. Formulation of EED

According to the above description, EED can be formulated as a
two-objective optimization problem with equal and unequal con-
straints. It can be modelled as shown in Eq. (7). Ng is the number of
generators.

Ng Ng
minM = [ZF(pi), ZE(Pi)]
i1 i1

St PPN P < pm 12, N ™)
Ng

Zpi = Pp + Pposs

i=1

3. CMOQPSO for solving EED problems
3.1. Quantum-behaved particle swarm optimization (QPSO)

Abriefintroduction of QPSO [32]is given in this section. In QPSO,
the update process of a particle can be seen as a measurement.
For each particle, its personal and global best positions play an
important role in the measurement. In QPSO, particle x; is updated
according to the following Eq. (8) [39].

x; j(t + 1) = attractor; j £ (B Imbest; j(t) — x; ;(£)]) - ln(%)

attractorl-,j(t) =@- PBESTL](I') +(1-9¢)- GBESTI’]([') (8)

N
mbest(t) = %ZPBEST,»(t)
i=1

where N is population size. j € {1, 2, ..., D} and D is the dimen-
sion of the searching space. PBEST; and GBEST; are the personal
and global best positions of x; respectively. 8 is the contraction-
expansion coefficient [40], which usually decreases linearly with
the running of QPSO. 1 and ¢ are random numbers within [0, 1].

3.2. Cultural evolution mechanism

Cultural evolution mechanism, which is inspired by the cultural
evolution process of human, has been formulated as a general form,
i.e. cultural algorithm (CA) [35]. CA consists of two spaces: popula-
tion space and belief space. Population space contains the evolving
information of individual population while belief space consists
of different types of knowledge extracted from population space.
The knowledge stored in belief space has developed a universal
mode. Five types of knowledge are usually used, namely normat-
ive knowledge, situational knowledge, domain knowledge, history
knowledge and topographical knowledge. There exists a contin-
uous cycle between population space and belief space until the
termination condition is met. Specifically, individuals in the pop-
ulation are updated by using the knowledge in belief space. Then
the knowledge in belief space is modified according to the updated
population.

There are a lot of studies which concentrates on combing CA
with evolutionary algorithms [41-46]. It is found that the per-
formance of evolutionary algorithm is obviously improved by
cooperating with CA.

3.3. Cultural quantum-behaved particle swarm optimization
(CMOQPSO)

Inspired by the framework of CA, belief space is adopted in
CMOQPSO. In CMOQPSO, belief space only contains three types of
knowledge, i.e. situational knowledge, topographical knowledge
and history knowledge. Fig. 1 shows the scheme of CMOQPSO
and M is the number of objectives. In CMOQPSO, a particle will
be measured for multiple times, then the next position of the
particle is selected from these obtained individuals. As shown in
Fig. 1, the measurements of each particle are implemented based
on the knowledge in belief space. More specifically, the global
best position used in each measurement is obtained by using the
knowledge in belief space. Then the knowledge stored in belief
space is modified according to the particles obtained by multiple
measurements.

Fig. 2 shows the flowchart of CMOQPSO. The detailed procedures
of the major operators in CMOQPSO are shown below. Suppose the
population size is N, the dimension of searching space and objective
space are D and M respectively.
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Fig. 2. Flowchart of CMOQPSO.

3.3.1. Initialize

(a) Population (POP)

POP is initialized by generating N particles and each particle
contains D random numbers which are uniformly distributed
in the given ranges.

(b) Repository population (REP)
REP is initialized as the nondominated solutions in POP.
(c) Belief space

Belief space consists of situational knowledge, topographical
knowledge and history knowledge.

The representation of situational knowledge is shown in
Fig. 3. Situational knowledge contains M parts. The ith part
PART; = {best; 1, best;, .. ., bestjs} and best;; (j=1, 2, .. .,s)is the
jth best solution for the ith objective in the past searching his-
tory. Situational knowledge is adopted to generate the global
best positions for the first M measurements of each particle.

Topographical knowledge is constructed based on geograph-
ical mechanism [47]. It records the information of the best area
in objective space. In other words, the best area in objective
space is divided into several subcells uniformly and topograph-
ical knowledge records the lower and upper limit values of
each subcell. Fig. 4 shows the representation of topographical

PART, PARTy
best; | besty 1
best; , besty ,
best ¢ besty ¢

Fig. 3. Situational knowledge.

A

Ymax

subcell3,2)

Ymin <>

Xmin Xmalx

Fig. 4. Topographical knowledge.

knowledge. Suppose the dimension of the objective space is 2
and the best area in objective space is divided into 4 x 4 sub-
cells. For subcell(i, j), its lower and upper limit values can be
calculated by Eq. (9). Topographical knowledge is used to obtain
global best position for the last measurement ((M + 1)th) of each
particle.
Ly = Xmax ;Xmin ~(i _ 1) +Xminv Uy = Xmax ;Xmin 'i+Xmin
Ymax — Ymin . Ymax — Ymin -
Ly:w'u_l)+ymin7 Uy:w']'i‘ymin
9

History knowledge is used to guide the local search operator
in this paper. It can be represented as shown in Fig. 5. H; (i=1,
2, ..., M) is the number of iterations for which the best solu-
tion for the ith objective has been trapped. Which means, if the
best solution for the ith objective has been hold for t iterations,
then H; =t. In this paper, each member in history knowledge is
initialized as 0.

(d) Personal and global best positions

Suppose PBEST{-< and GBEST{-‘ are the personal and global best
positions for the kth measurement of particle x;, respectively. As
shown in Eq. (10), the initialization of {PBESTf-‘Hc =1,2,...,.M}
is same to that of PBEST}"*!.

PBESTN =x;, k=1,2,....M+1 (10)

However, the initialization of {GBESTf\k =1,2,..., M}isdif-
ferent from that of GBESTM*'. According to Eq. (11), for the
kth objective (1 < k < M), the global best position of the whole
swarm are exactly the same. Where, besty ; is the element in
situational knowledge and means the best individual found in
the past searching history for the kth objective. So, GBEST¥ is
used to represent the global best position for the kth measure-
ment of the whole swarm. For particle x; (i € 1, 2, ..., N), its
global best position for the (M+1)th measurement (GBEST}" ")
is randomly selected from REP. So, different particles may have
different global best positions for the (M +1)th measurement in
the initialization step.

GBEST¥ = bestyy, i=1,2,...,N (11)

3.3.2. Update
(a) Population (POP)

In this section, particle x; is taken as an example to illus-
trate the update process in CMOQPSO. As shown in Fig. 6,
x; is measured for M+1 times according to Eq. (8), and then

Hy Hy ves Hwm

Fig. 5. History knowledge.
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Fig. 6. Update of particle x;.

SPOP; = {xK|k =1,2, ..., M + 1} is obtained. x; will be updated
by randomly selecting an individual from the nondominated
solutions in SPOP;.

(b) Repository population (REP)

REP contains the nondominated solutions found so far. As
Fig. 2 shows, NPOP contains the individuals obtained by the
measurements of all the particles at current iteration. REP can
be updated by selecting nondominated solutions from REP and
NPOP. If the size of REP exceeds the given maximum value, then
the nondominated solutions in REP will be reduced by crowding
distance sorting [48].

(c) Belief space

As mentioned in Section 3.3.1, situational knowledge can be
divided into M parts. Before updating PART; = {best; 1, best;, . . .,
best;s} (i=1,2,...,M),ahypermutation operator will be carried
out. The hypermutation operator will be implemented by Eq.
(12) [49]. Where, best;; is the jth best solution for the ith objec-
tive in the past searching history, as shown in Fig. 3. best; j(k)
is the kth dimension of best;;. Fj;(k) is the kth dimension of the
fitness value of best;; and MinF; is the minimized fitness value
of all the members in PART;. R(0, 1) is a random number within
[0, 1]. PM™X(k) and P™in(k) are the boundary values of the kth
dimension of the searching space. ¢ is self-adaptively controlled
and its setting can be found in [49]. Then add current POP and
the individuals after hypermutation to original PART;. Since s is
the given size of PART;, the size of PART; will be limited to s by
selecting s best individuals for the ith objective.

best; j(k) = best; j(k) + ¢ - (F; j(k)/MinF;(k)) - R(0, 1)
(P™(k) — P™" (k) (12)

Topographical knowledge is updated according to REP. The
best area in objective space can be re-determined by the
updated REP. Then topographical knowledge can be obtained
by dividing the best area into several subcells.

As can be seen from Fig. 6, SPOP; is acquired by the mea-
surements of x;. Add up all SPOP;(i=1, 2, ..., N) and get a new
population NPOP. If the best fitness value for the kth objective
in NPOPis better than GBEST¥, then H;, = 0, otherwise Hy = Hy + 1.

(d) Personal and global best positions

Suppose PBEST{-‘ and GBESTf-‘ are the personal and global best
positions for the kth measurement of particle x;, respectively.
SPOP; = {sp1, Sp2, - - -, SPm+1 } contains the individuals which are
obtained by the multiple measurements of particle x;.

For particle x;, the update of{PBEST,l‘ lk=1,2,..., M}isdiffer-
ent from that of PBEST" . Suppose sp;, which belongs to SPOP;,
has the best fitness value for the kth objective. If sp; is better

than PBEST¥ for the kth objective, then PBESTX will be replaced
by sp;. Otherwise, PBEST%< willremain unchanged. ForPBESTﬁVI+l ,

if there exists a nondominated individual in SPOP; which can
dominate PBESTM*!, then PBESTM*! will be replaced by the

nondominated individual. Otherwise, PBEST%VI+l will remain
unchanged.

For particle x;, the update of {GBESTf\k =1,2,..., M} is dif-
ferent from that of GBEST?/’”. The update of {GBESTf-‘Hc =
1,2,...,M}isshowninEq.(11).The strategy adopted to update
GBEST?/’Jrl is borrowed from [48]. In this strategy, GBESTfVI+l is
obtained by selecting an individual form REP according to topo-
graphical knowledge and roulette-wheel selection method.

3.3.3. Local search operator

To enhance the algorithm’s ability of jumping out of local
optima, a novel local search operator is carried out at each itera-
tion. The local search operator is implemented according to history
knowledge. In this operator, the global best position for each objec-
tive will be operated as follows. In order to illustrate, the kth
objective will be taken as an example. Suppose GBEST is the global
best position for the kth objective. The members in {PBEST?‘U’ =
1, 2, ..., N} are the personal best positions of the whole swarm for
the kth objective and N is the population size. First, a local searching
area needs to be determined. The limit values of the local searching
area can be obtained according to the following Eq. (13).

L =0.5- min{PBEST¥|i=1,2,...,N}+0.5.GBEST* a3
13
U =0.5- max{PBESTX|i = 1,2, ..., N} + 0.5 GBEST*

where L and U are the lower and upper limit values of the local
searching area. Then, each dimension of the local searching area will
be divided into d parts uniformly. So, for each dimension of the local
searching area, d random numbers, which are within the ranges of
the obtained d parts respectively, can be generated. The value of d
is determined by the history knowledge, as shown in Eq. (14). For
the jth (j=1, 2, ..., D) dimension, try to replace GBEST¥(j) with the
corresponding d random numbers one after another. After that, d
new individuals will be obtained. Select the best one for the kth
objective among the d obtained individuals as the new GBEST. The
detailed procedure of the proposed local search operator is shown
in Algorithm 1.

5, Hk§10
d= , k=1,2,...M (14)
10, H, > 10

Algorithm 1. Procedure of local search operator

1:  k=1;

2:  While k<M, do:

3:  Determine limit values of local searching area (i.e. L and U);

4:  Get the value of d according to Eq. (14);

5:  t=1;

6:  While t<D, do:
a) Randomly select a dimension x;
b) Divide [L(x), U(x)] into d parts uniformly, that is {[L(x), L1), [L1, L2), ...,
[La—1, U(x))}
c) For each part, get a random number which is within its corresponding
range, and replace GBEST¥(x) with the obtained number. So, d new
individual will be acquired in this step.
d) Select the best individual for the kth objective as new GBEST¥;
e)t=t+1;
End while.

7:  k=k+1;

8:  End While.

3.4. CMOQPSO for solving EED problems

To solve EED problems by CMOQPSO, a constraints-handling
operator should be cooperated with the basic framework of CMO-
QPSO.
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3.4.1. Constraints-handling operator

The constraints-handling operator is adopted to limit indi-
viduals to feasible regions. In this paper, two different cases of
EED problems are considered. The first case (Casel) is EED with-
out transmission loss and the other one (Case2) is EED with
transmission loss. The constraints-handling operator adopted in
this paper is based on Dif, which represents the extent of the
unfeasibility of individuals [50]. Dif can be obtained by Eq. (15).
Where, x; is the particle needs to be repaired. Pp and P; are the
total system demand and transmission loss respectively. Suppose
the dimension of x; is D. P™i(k) and P™a*(k) are the bound-
ary values of the kth dimension in the searching space. The
detailed procedure of the constraints-handling operator is shown
in Algorithm 2.

Pp — sum(x;) if Casel
Dif = (15)
Pp + Pposs — sum(x;) if Case2

Algorithm 2. Procedure of constraints-handling operator

Select a random integer k from 1 to D.
While x; is unfeasible, do:
Get Dif by Eq. (15);
Xi(k)=xi(k) + Dif;
xi(k)=min[x;(k), P"¥(k)] and x;(k) = max[x;(k), P™"(k)]
k=mod(k, D)+1;
End while.

N U WN =

3.4.2. Flowchart of CMOQPSO for solving EED problems

Fig. 7 is the detailed flowchart of CMOQPSO for solving EED prob-
lems. The difference between Fig. 7 and 2 is that only Fig. 7 has
the ‘constraints-handling operator’. In CMOQPSO, the constraint-
handling operator is carried out in initializing and updating the
particle swarm.

4. Experiments and results

To test the performance of the proposed CMOQPSO algo-
rithm, two EED systems with 6 generators and 40 generators are
adopted respectively. In this section, CMOQPSO is compared with
8 algorithms, namely MOQPSO [34], MOPSO [51], MA 6-PSO [52],
MO-DE/PSO [50], SMODE [53], BSA-NDA [54], SPEA [15] and NSGA-
I [55]. For all the algorithms, the size of population npgp=50 and
the maximum size of repository population nggp=100. The param-
eter settings of all the algorithms are shown in Table 1. To compare
CMOQPSO with the other algorithms fairly, the parameter 8 in
CMOQPSO is the same as that in MOQPSO and the number of sub-
cells in CMOQPSO is the same as that in MOPSO. In CMOQPSO,
parameter s is used to control the size of situational knowledge.
The tuning of parameter s is shown in Section 4.2.1. For all the

( Start )
- J
v

Initialize population (POP) and execute
Constraints-handling Operator on POP
v
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and belief space
v
Initialize personal and global best
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 ——

‘ Initialize NPOP as an empty set and i = 1 ‘

Y
Get individuals by the multiple ‘
measurements of particle i

Execute Constraints-handling Operator
on the obtained individuals

‘ Add the obtained individuals to NPOP ‘
v

Choose nondominated one from the
obtained individuals as next particle i
v
Update personal best positions for the
multiple measurements of particle i
2

] i=i+1 \

Update belief space and REP according
to current POP and NPOP

2
Update global best positions for all the
particles
v

'—  Carry out Local Search Operator ‘

End e—

Fig. 7. Flowchart of CMOQPSO for solving EED problems.

algorithms, the statistical results are obtained by 30 independent
runs.

4.1. Quantitative metrics

4.1.1. Spread metric SP

To estimate how well the nondominated solutions are dis-
tributed, spread metric SP [56] are adopted. SP can be calculated
as shown in Eq. (16). Where, n and M are the number of nondomi-
nated solutions and the number of objectives, respectively. f;(k) is

Table 1

Parameter settings in algorithms.
Algorithm Npop NRep Other parameters References
CMOQPSO 50 100 B:1.2~0.5,5=10, 30 subcells
MOQPSO 50 100 B:1.2~05k=4 [34]
MOPSO 50 100 w = 0.4, 30 subcells [51]
MA6G-PSO 50 100 C1,max = C2,max =2, C1,min = C2,min = 0, radius=0.02 [52]
MO-DE/PSO 50 100 Cif=Co=2.5,C1i=C2i=0.5 [50]
SMODE 50 100 F=0.5,CR=0.1 [53]
BSA-NDA 50 100 mixrate=1 [54]
SPEA 50 100 DPcrossover = 0.9, Pmutation = 0.2 [1 5]
NSGA-II 50 100 pcmssover = 0.9, pmu[a[ion =02 [55]
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Table 2
Fuel and emission coefficients.
Generator Fuel cost Emission pmin pmax
a b c o B y & A
Py 10 200 100 4.091 —5.554 6.490 2e-04 2.857 0.05 0.5
P, 10 150 120 2.543 —6.047 5.638 5e—04 3333 0.05 0.6
P 20 180 40 4258 —5.094 4586 1e-06 8.000 0.05 1.0
Py 10 100 60 5.326 -3.550 3.380 2e-03 2.000 0.05 1.2
Ps 20 180 40 4258 —5.094 4586 1e—06 8.000 0.05 1.0
Ps 10 150 100 6.131 —5.555 5.151 1e—05 6.667 0.05 0.6
the kth dimension of the fitness value of x;. If SP=0, then all the '
nondominated solutions are equidistantly spaced. 600.115 I
1 |
n : ./ \l
1 - 2 i \_/
NE (d-dy) :
n—1« ‘g 600.110 |
i=1 (16) O |
M o) :
dzzminzzk—lk = |
’ 1§isn(’ Uitk —§30) - 600.105- :
= L |
k=1 A :
4.1.2. Binary quality metric I¢ E
As shown in Eq. (17), Ic(A, B) [57] is used to compare the cov- 600.100+ .
erage of two nondominated solution sets, namely A and B. Where, : : y , ; . ; : ,
> means weakly dominate. I-(A, B)=1 means all the solutions in B 2 4 6 8 10 12 14 16 18 20

are dominated by A. Ic(A, B)=0 means none in B is weakly domi-
nated by A. If Ic(A, B)=1 and I¢(B, A)=0, then all the solutions in B
is dominated by A and none in A is dominated by B. In this case, A
is better than B. If 1 >I(A, B) > Ic(B, A) >0, then the proportion of
solutions in B which are weakly dominated by A is larger than the
proportion of solutions in A which are weakly dominated by B. So,
in a loose sense, A is better than B.

beB;dacA:ax>=b

(17)

4.2. EED system with 6 generators

In this section, IEEE 30-bus system with 6 generators is adopted
to test the performance of the algorithms. The total demand of the
system Pp = 2.834. Table 2 shows fuel cost and emission coefficients
[50]. Loss coefficients (B, By, Bgg) [50], which are used to calculate
the system loss, are given in Eq. (18). To make this a fair com-
parison, the maximum number of function evaluations for all the
algorithms is set to 30, 000 and the statistical results are obtained
by 30 independent runs.

0.1382  -0.0299 0.0044 -0.0022 -0.0010 -0.0008
—0.0299 0.0487 —-0.0025 0.0004 0.0016 0.0041
0.0044 -0.0025 0.0182 —-0.0070 -0.0066 —0.0066
| -0.0022 0.0004 —0.0070 0.0137 0.0050  0.0033 (18)
—0.0010 0.0016 —-0.0066 0.0050 0.0109 0.0005
—0.0008 0.0041 —-0.0066 0.0033 0.0005 0.0244

By = <70‘0107 0.0060 -0.0017 0.0009 0.0002 0.0030)
Boo = 9.8573e — 04

To demonstrate the effectiveness of the proposed algorithm, two
cases are considered in this section.

Casel: Consider output constraints and power balance con-
straint without system loss.

Case2: Consider output constraints and power balance con-
straint with system loss.

4.2.1. Analysis of parameter s

In the proposed CMOQPSO, s controls the size of situational
knowledge. In order to investigate the influence of s on CMOQPSO,
Casel is adopted. According to the description in Section 3.3.2 (c),
a hypermutation operator is performed on the individuals stored

Parameter s

Fig. 8. Best fuel cost versus s.

in situational knowledge. If s is too large, then the algorithm will
spend too much time on constructing new solutions and become
inefficient. However, if s is too small, then the algorithm will have a
weak ability of jumping out of local optima. Fig. 8 shows the mean
value of the best fuel cost obtained by CMOQPSO with s changing
from 2 to 20 by 30 independent runs and Fig. 9 shows the mean
value of best emission obtained by CMOQPSO with s changing from
2 to 20 by 30 independent runs. It can be seen that s =6 is good for
both fuel cost and emission. So, in this paper, s is set to 6.

4.2.2. Results comparison and analysis

Table 3 shows the best dispatch results obtained by CMOQPSO
by 30 independent runs.

Table 4 and 5 give the statistical results, which include best solu-
tions (Best), mean solutions (Mean) and standard deviations (Std),
obtained by the proposed CMOQPSO and the other algorithms for
Casel and Case2 respectively. The numbers in boldface are the best
values.
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Parameter s

Fig. 9. Best emission versus s.
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Table 3
Best dispatch result of CMOQPSO for EED system with 6 generators.
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Table 6
Comparison of SP of different algorithms.

Generator  Casel Case2 Algorithm Mean values of SP
Best fuel cost ~ Best emission  Best fuel cost  Best emission Casel Case2
Py 0.1102 0.4061 0.1196 0.4109 CMOQPSO 0.0164 0.0117
P, 0.2990 0.4590 0.2874 0.4637 MOQPSO 0.1805 0.0818
Ps 0.5267 0.5381 0.5830 0.5443 MOPSO 0.0108 0.0162
Py 1.0152 0.3830 0.9903 0.3903 MA 6-PSO 0.0236 0.0179
Ps 0.5237 0.5377 0.5266 0.5445 MO-DE/PSO 0.0253 0.0722
Ps 0.3592 0.5101 0.3526 0.5157 SMODE 0.0556 0.1703
BSA-NDA 0.2749 0.4858
ac gmomo  meamst ssere eaomien o
mission : : - - NSGA-II 0.0298 0.0221
It can be observed in Table 4 and 5 that the best solutions found Table 7
by the proposed algorithm is bfett_er than those by the other algo- Comparison of Ic(A, B) of different algorithms.
rithms for both fuel cost and emission. Furthermore, CMOQPSO also
have obtained the best mean solutions for both Casel and Case2. Casel Case2
A . . A:CMOQPSO A:CMOQPSO
So, take into account best solution values and mean solution val-
ues, CMOQPSO has achieved the best performance for both Casel B Ic(A, B) Ic(B, A) Ic(A, B) Ic(B, A)
and Case2. This may indicate the effectiveness of the strategies MOQPSO 0.31 0.12 0.28 0.09
adopted in the proposed algorithm. More specifically, the multiple MOPSO 0.21 0.10 0.23 0.14
measurements in CMOQPSO enhance the global searching ability MA 6-PSO 0.15 0.17 0.25 0.11
f the algorithm. The local search operator adopted in this paper MO-DE/PSO 027 0.13 048 0.02
0 algorithm. > p p 1S pap SMODE 027 0.09 0.29 0.06
make it easier for the algorithm to jump out of local optima. For BSA-NDA 039 0.02 0.42 0.02
Casel and Case2, the standard deviations obtained by CMOQPSO SPEA 0.22 0.12 0.16 0.13
NSGA-Il 0.52 0.05 0.63 0.05

are better than those obtained by most of the other algorithms. In
other words, CMOQPSO is more stable than most of the comparative
algorithms.

Table 6 gives the mean values of SP of all the 9 algorithms by
30 independent runs. Figs. 10 and 11 show Pareto fronts found
by all the algorithms for Casel and Case2 respectively. It can be
observed from Table 6 that the mean SP obtained by CMOQPSO is
better than those obtained by the other algorithms except MOPSO
for Casel. Which means, for Casel the nondominated solutions
found by CMOQPSO are spaced more equidistantly than those found
by the other algorithms except MOPSO. For Case2, CMOQPSO has
obtained the best mean value of SP, as shown in Table 6. In other
words, the nondominated solutions found by CMOQPSO are spaced

more equidistantly than those found by the other algorithms for
Case2.

Table 7 shows the comparison of the mean binary quality metric
Ic between CMOQPSO and the other algorithms for Case1 and Case2
according to 30 independent runs. As observed from Table 7, in a
loose sense, CMOQPSO has achieved the best performance for both
Casel and Case2.

To compare the computation efficiency and convergence
speed, Figs. 12 and 13 present the convergence characteristics for
Casel and Case2, respectively. To avoid making the figures too

Table 4

Statistical results of fuel cost and emission for Casel.
Algorithm Fuel cost Emission

Best Mean Std Best Mean Std

CMOQPSO 600.0897 600.0958 3.94e-03 0.194203 0.194203 1.37e-06
MOQPSO 600.1171 600.1464 1.80e-02 0.194250 1.194338 5.09e-05
MOPSO 600.1119 600.1160 5.95e-03 0.194203 0.194217 1.12e-05
MA 6-PSO 600.1047 600.1146 2.69e-03 0.194203 0.194237 2.01e-05
MO-DE/PSO 600.1238 600.2018 9.60e—02 0.194205 0.194220 1.32e-05
SMODE 600.1235 600.1712 3.58e—-02 0.194273 0.194722 2.49e—-04
BSA-NDA 600.3846 601.1612 6.18e-01 0.194252 0.194697 3.20e-04
SPEA 600.1116 600.1147 1.30e-03 0.194203 0.194203 3.98e-06
NSGA-II 600.0996 600.1140 3.64e-03 0.194203 0.194203 3.38e-06

Table 5

Statistical results of fuel cost and emission for Case2.
Algorithm Fuel cost Emission

Best Mean Std Best Mean Std

CMOQPSO 605.9773 605.9848 6.30e—03 0.194178 0.194179 8.33e-08
MOQPSO 606.0070 606.0476 2.41e-02 0.194223 0.194230 6.98e—05
MOPSO 605.9986 606.0031 5.35e-03 0.194179 0.194188 9.43e-06
MA 6-PSO 605.9983 606.1599 3.42e-02 0.194179 0.194179 4.68e—08
MO-DE/PSO 606.0129 606.1049 7.96e—02 0.194181 0.194194 1.26e—-05
SMODE 606.0091 606.0641 3.35e-02 0.194221 0.194622 2.18e-04
BSA-NDA 606.3409 607.1607 6.48e—01 0.194285 0.194743 4.78e—04
SPEA 606.0041 606.0166 5.66e—03 0.194179 0.194179 5.67e—08
NSGA-II 605.9808 605.9940 8.20e-03 0.194179 0.194181 1.59e-06
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Fig. 12. Convergence characteristics of economic dispatch and emission dispatch for Casel.

complicated, the top 5 algorithms in terms of mean solutions are
used for comparison. For Casel, the top 5 algorithm for fuel cost
are MOPSO, MA 6-PSO, SPEA, NSGA-II and CMOQPSO. The top 5
algorithm for emission are MOPSO, MODE/PSO, SPEA, NSGA-II and
CMOQPSO. It can be observed from Fig. 12 that all the algorithms
have very close convergence speed and converged before 10,000
function evaluations. For Case2, the top 5 algorithm for fuel cost
are NSGA-II, MOPSO, SPEA, MOQPSO, and CMOQPSO and the top
5 algorithm for emission are NSGA-II, MOPSO, SPEA, MA 6-PSO
and CMOQPSO. Similarly, all the algorithms shown in Fig. 13
also have very close convergence speed and converged before
10,000 function evaluations. According to the statistical results in
Table 4 and 5, it can be found that the mean solutions obtained by
the proposed CMOQPSO are the best for both Case1 and Case2 and
the convergence speed of CMOQPSO is comparable to those of the
others algorithms shown in Fig. 12 and 13. This may indicate the
computation efficiency of the proposed CMOQPSO.

4.3. EED system with 40 generators.

In this section, EED system with 40 generators is adopted.
The output constraints and the power balance constraint without
system loss are considered. The maximum number of function eval-
uations for all the algorithms is set to 50,000 and the statistic results
are obtained by 30 independent runs. The fuel cost and emission
coefficients are given in [58] and [52] respectively. The total load
demand of the system Pp=10,500.
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4.3.1. Results comparison and analysis

Table 8 shows the best dispatch results obtained by CMOQPSO
over 30 independent runs.

The comparison results of the proposed CMOQPSO with other
algorithms are shown in Table 9. For fuel cost, the best solution
found by CMOQPSO is worse than that found by SMODE. However,
the mean solution obtained by CMOQPSO is the best among all the
9 algorithms. For Emission, the best solution found by CMOQPSO is
slightly worse than that found by MA 6-PSO and the mean solution
obtained by CMOQPSO is better than those obtained by the other
algorithms. So, on average CMOQPSO has obtained the best perfor-
mance for both fuel cost and emission by 30 independent runs. It
can be observed from Table 9 that the standard deviations obtained
by CMOQPSO are the best for both fuel cost and emission. Which
means, CMOQPSO is more stable than the other algorithms in this
section.

Fig. 14 shows the comparison of Pareto fronts found by CMO-
QPSO and other algorithms and Table 10 gives the mean values
of SP for EED problem with 40 generators. As Table 10 shows,
CMOQPSO has the second best mean value of SP. In other words,
the nondominated solutions found by CMOQPSO are spaced more
equidistantly than those found by the other algorithms except MA
0-PSO, as shown in Fig. 14. Table 11 shows the comparison of the
mean binary quality metric Ic between CMOQPSO and the other
algorithms according to 30 independent runs. As mentioned in
Section 4.1.2, if I-(A, B)=1 and I(B, A) =0, then the nondominated
solution set A is better than B. As can be seen from Table 11, the non-
dominated solutions found by CMOQPSO is obviously better than
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Fig. 13. Convergence characteristics of economic dispatch and emission dispatch for Case2.
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Table 8
Best dispatch result of CMOQPSO for EED system with 40 generators.
Best fuel cost Best emission
Py 110.81807 Py 523.3834 Py 114 P 439.2392
P, 110.8833 Py 523.3563 P 114 Py 439.9311
P3 97.4262 Po3 523.2405 Ps3 120 Py3 439.7645
Py 179.7351 P4 523.2291 P4 169.3432 P4 439.6137
Ps 87.8221 Pys 523.2408 Ps 97 Ps 440.1445
Ps 140 Pae 523.3673 Ps 124.2831 P 439.7974
P7 259.7139 Py 10 Py 299.8898 Py7 29.0320
Pg 284.7269 Ps 10 Pg 298.0002 Pyg 28.9942
Py 284.6685 Pag 10 Py 297.2787 P9 29.0036
Pio 103.0302 P3o 87.7669 Pio 130 P3g 96.9911
Pn 94 P3; 190 P14 298.3530 P31 172.2618
Py 94 P3; 189.9615 P> 298.2319 P33 172.2989
Pi3 394.3993 P33 189.9743 Pi3 433.5377 P33 172.3391
P14 394.3993 P34 164.8643 P14 421.7557 P34 200
Pis 394.1226 P35 194.3732 Pis 4229475 P35 200
P16 394.2335 P36 200 P16 422.7335 P36 200
Py7 489.2794 P37 109.9812 P17 439.4730 P37 100.8536
Pig 489.1483 Psg 109.9156 Pig 439.2154 P3g 100.9161
P9 511.2712 P39 109.8678 P9 439.4642 P3g 100.8023
Py 511.2389 Pso 511.2555 Py 439.2905 P4o 439.2197
Fuel cost 121428.1853 129994.0844
Emission 359876.1255 176683.7367
Table 9
Statistical results of fuel cost and emission for EED system with 40 generators.
Algorithm Fuel cost Emission
Best Mean Std Best Mean Std
CMOQPSO 121428.1853 121487.1949 2.79e+01 176683.7367 176690.4569 1.27e+01
MOQPSO 121989.7294 122155.6417 1.29e+02 228104.5694 240536.2612 7.36e+03
MOPSO 122490.6091 124020.4240 8.45e+02 177586.1960 186708.1733 4.3e+03
MA 6-PSO 121443.6804 121546.8803 8.05e+01 176682.2634 176733.4731 2.70e+02
MO-DE/PSO 124976.1084 125848.8533 8.00e+02 187367.8618 197624.1309 8.70e+03
SMODE 121103.5240 121493.8008 2.55e+02 176699.0174 192379.2038 1.84e+03
BSA-NDA 126609.7414 127376.3203 5.13e+02 203644.8492 205858.3131 1.64e+03
SPEA 121634.2033 121741.8602 5.38e+01 180910.3312 183552.0079 1.18e+03
NSGA-II 123574.1345 125146.1794 1.15e+03 176687.8707 177853.6674 4.83e+03
134,000
350,000 —=—MA 6-PSO
—=— SMODE b —e— NSGA-II
132,000 5 MAB.PSO \ 4 SPEA
4 SPEA - ~v- MOPSO
130,000/, —v— MOQPSO 300000} | Tw CMOQPSO
CMOQPSO 1 '\.\
- | e
2 128,000 5 [N .
O 2 1N N\
B 126000\ - B "
s m e
~ . I\
124000 & T Tw—wo Ny e BN
. Ywv—v. 200,000 | e "
N [ A S SN TR Ay Y Y YV —y—y—y
122,000 T o S S MDA 4 Saaces
120,00 T0000 20000 30000 0000 50000 10000000 20000 30000 40000 50000
Number of Function Evaluations Number of Function Evaluations
Fig. 15. Convergence characteristics of economic dispatch and emission dispatch for EED system with 40 generators.
Table 10

Comparison of SP of different algorithms.

Algorithm Mean values of SP (1e+07)
CMOQPSO 0.047

MOQPSO 0.69

MOPSO 0.2

MA 6-PSO 0.038

MO-DE/PSO 0.82

SMODE 0.10

BSA-NDA 0.31

SPEA 0.067

NSGA-II 0.14

those found by MOQPSO, MOPSO, MO-DE/PSO and BSA-NDA. In a
loose sense, the performance of CMOQPSO is better than SPEA and
NSGA-II. However, the performance of CMOQPSO is worse than MA
6-PSO and SMODE.

The convergence characteristics for EED system with 40 gen-
erators are shown in Fig. 15. It can be observed that the top 5
algorithms for fuel cost in terms of mean values are SMODE, MA
6—PSO, SPEA, MOQPSO and CMOQPSO. The top 5 algorithms for
emission in terms of mean solutions are MA 6—PSO, NSGA-II, SPEA,
MOPSO and CMOQPSO. For both fuel cost and emission, CMOQPSO
has not achieved the fastest convergence speed. This may because
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Table 11

Comparison of I¢(A, B) for different algorithms.
A:CMOQPSO
B Ic(A, B) Ic(B, A)
MOQPSO 1 0
MOPSO 1 0
MA 6-PSO 0.067 0.88
MO-DE/PSO 1 0
SMODE 0.01 0.89
BSA-NDA 1 0
SPEA 0.67 0.21
NSGA-II 0.68 0.13

the multiple measurement strategy and the local search operator
make the CMOQPSO has better searching ability, so that CMOQPSO
can find good solutions in the searching space, which is also verified
by the statistic results in Table 9.

5. Concluding remarks

In this paper, a multiobjective QPSO algorithm, called CMO-
QPSO, was adopted to solve EED problems. CMOQPSO has
introduced cultural evolution mechanism into traditional QPSO to
solve multiobjective optimization problems. In CMOQPSO, the evo-
lution of the particles is guided by belief space which contains
different types of knowledge extracted from the particle swarm.
Another difference between CMOQPSO and the traditional QPSO
is that each particle in CMOQPSO is measured for multiple times.
For each particle, the global best positions of the multiple mea-
surements are obtained according to the knowledge in belief space.
Moreover, a local search operator is proposed to enhance the par-
ticles’ ability of jumping out of local optima.

In order to show the effectiveness of the proposed algorithm,
CMOQPSO is tested on EED systems with 6 and 40 generators
respectively. The performance of CMOQPSO is compared with the
other algorithms from different aspects. The comparative results
have shown the effectiveness and superiority of CMOQPSO. How-
ever, in CMOQPSO each particle was measured for multiple times,
this may lead to a relatively slower convergence speed in compar-
ison with some other algorithms. This problem will be our future
work of this paper.
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