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Stochastic Optimal Operation of Microgrid Based
on Chaotic Binary Particle Swarm Optimization

Peng Li, Senior Member, IEEE, Duo Xu, Zeyuan Zhou, Wei-Jen Lee, Fellow, IEEE, and Bo Zhao

Abstract—Based on fuzzy mathematics theory, this paper pro-
poses a fuzzy multi-objective optimization model with related
constraints to minimize the total economic cost and network
loss of microgrid. Uncontrollable microsources are considered
as negative load, and stochastic net load scenarios are gener-
ated for taking the uncertainty of their output power and load
into account. Cooperating with storage devices of the optimal
capacity controllable microsources are treated as variables in the
optimization process with the consideration of their start and
stop strategy. Chaos optimization algorithm is introduced into
binary particle swarm optimization (BPSO) to propose chaotic
BPSO (CBPSO). Search capability of BPSO is improved via the
chaotic search approach of chaos optimization algorithm. Tests
of four benchmark functions show that the proposed CBPSO
has better convergence performance than BPSO. Simulation
results validate the correctness of the proposed model and the
effectiveness of CBPSO.

Index Terms—Binary particle swarm optimization (BPSO),
chaos optimization, microgrid, microsource, optimal operation,
uncertainty.

I. INTRODUCTION

DUE TO environmental concerns and energy crisis, dis-
tributed generations such as renewable energy sources are

rapidly developed around the world. However, because of the
intermittent and uncertain output power of renewable energy
sources, large-scale access of distribution generations poses
many challenges for the grid such as power quality and system
stability [1]. To solve this problem microgrid concept is com-
monly introduced. Microgrid is defined as an integrated system
composed of loads, microsources (distributed generations in
microgrid), and energy storage devices. Microgrid is regarded
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as an efficient way for the integration of distributed generations
with high penetration of renewable energy sources to real-
ize power quality improvement, reliability enhancement, peak
shaving, energy utilization improvement, and so on [2], [3].

In order to take full advantages of microgrid, scholars
around the world have devoted significant efforts on the opti-
mal operation of microgrid [4]–[7]. Microsources are divided
into two types according to whether their output power can be
controlled.

1) One is uncontrollable microsource such as photovoltaic
cells (PVs) and wind turbines (WTs).

2) The other is controllable microsource including micro
turbines (MTs), diesel engines (DEs), and fuel
cells (FCs).

Control strategy for each type of microsource is dif-
ferent. Uncontrollable microsources generally operate under
the maximum power point tracking control mode [8]. Due
to the uncertain characteristics of uncontrollable renew-
able microsources, deterministic scheduling of controllable
microsources may fail to ensure stable operation of micro-
grid in an uncertain environment. Therefore, on the one hand,
scenario-based stochastic optimal operation is adopted to take
the uncertainties of microgrid into account. Monte Carlo
sampling and roulette wheel mechanism are applied for sce-
nario generation and backward scenario reduction technique
is adopted to simplify the problem and save computational
effort [9], [10]. On the other hand, storage devices such as
storage batteries (SBs) are used to store excess power genera-
tion and supply the load later when needed. So, optimal sizing
of SB has large effect on the operation of microgrid [11].

Since the optimal operation of microgrid is a multi-objective
and multiconstraint nonlinear optimization problem, intelli-
gent algorithms instead of traditional optimization algorithms
are generally adopted recently [12]. Particle swarm optimiza-
tion (PSO) is a stochastic, population-based evolutionary
algorithm proposed by Kennedy and Eberhart [13]. Later, they
also proposed binary particle swarm optimization (BPSO)
which is applicable to discrete space optimization [13]. PSO
and BPSO show promising performance on multi-objective,
multiconstraint, and nonlinear optimization and gain popular-
ity in the optimal operation of microgrid by their advantages of
few constraints on fitness function, simple structure, easy cod-
ing, and rapid convergence speed. However, PSO and BPSO
are both easy to fall into local optimal solution due to the prob-
lem of premature [14], [15]. Many improvements are made to
solve the disadvantages of PSO and BPSO [16]–[21]. Chaos
optimization algorithm has the characteristics of randomness,
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ergodicity and inherent regularity [16]–[18]. Some schol-
ars introduce chaos optimization into BPSO. Reference [19]
makes use of chaotic sequences for updating inertia weights of
PSO to control the balance between the global exploration and
the local search ability. Reference [20] presents the chaotic
modeling of PSO where the motion of particles is affected
by the value of chaotic parameters. Reference [21] adopts the
position and speed of chaos initialization list and improves the
variety and searching ergodicity of particles.

This paper proposes a chaotic BPSO (CBPSO). CBPSO ini-
tializes the particles by chaos optimization algorithm in the
early process of BPSO. Besides, chaotic search approach is
used to separate overlapping particles. With the ergodicity
of chaotic variables and their sensitiveness to initial values,
CBPSO algorithm can effectively overcome the premature
convergence problem of BPSO algorithm. The validity and
feasibility of the proposed algorithm are proved by simulation
results.

II. OPTIMIZATION MODEL

A. Uncontrollable Microsources

After the scenario generation and reduction procedure which
is detailed in [9], the output power of WT and PV is viewed
as “negative load” and added with traditional load to get the
“net load”

Pt,s
net = Pt,s

load − Pt,s
WT − Pt,s

PV (1)

where t and s are, respectively, the time interval index and
scenario index which means during time interval t and in sce-
nario s in the full paper; Pt,s

net is the net load demand; Pt,s
load,

Pt,s
WT, and Pt,s

PV, respectively, represent load demand, WT, and
PV output power which can be obtained

Pt,s
u = Pt,forecast

u + �Pt,s
u (2)

where u is the index of the uncertain variables, i.e., load,
WT, and PV output power; Pt,forecast

u represents the forecast
power value; �Pt,s

u represents the forecast error which can be
obtained according to its probability distribution function [9].

B. Objective Functions

1) Economic Cost:

F̄1 =
Ns∑

s=1

π s

(
Fs

SB +
Nt∑

t=1

(
Ft,s

S +Ft,s
F + Ft,s

M + Ft,s
P

)
)

(3)

where Nt represents the total number of time inter-
vals, Ns is the total number of the reserved scenarios;
F̄1, Fs

SB, Ft,s
S , Ft,s

F , Ft,s
M , and Ft,s

P , respectively, represent the
expected economic cost, SB cost, startup/shutdown cost, fuel
cost, operation and maintenance cost, and pollutant emission
conversion cost; π s is the normalized probability of scenario s
which can be obtained

π s =
Nt∏

t=1

3∏

u=1

Probt,s
u

/ Ns∑

s=1

Nt∏

t=1

3∏

u=1

Probt,s
u (4)

where Probt,s
u is the probability of the uncertain variable.

a) SB cost: The cost of SB includes its investment cost
and annual operation and maintenance cost which are both
proportional to the capacity of SB rather than its output
power [22]. This cost need to be normalized in $/day

Fs
SB = Cs

SB

365

(
r(1 + r)l

(1 + r)l − 1
KI + KOM

)
(5)

where Cs
SB is the rated capacity of SB; KI and KOM are,

respectively, the investment cost and annual operation and
maintenance cost proportional coefficients of SB; r is the inter-
est rate for financing the installation of SB; l is the life time
of SB.

b) Startup/shutdown cost: Startup/shutdown of micro-
sources requires certain cost, and this cost can be
expressed

Ft
S =

Nm∑

m=1

(
Ut,s

m

(
1 − Ut−1

m

)
cSU

m + Ut−1,s
m

(
1 − Ut,s

m

)
cSD

m

)
(6)

where m is the controllable microsources index; Nm is the
total number of the controllable microsources; Ut,s

m repre-
sents the operation status of microsources and 1 represents
on while 0 represents off; cSU

m and cSD
m , respectively, represent

the startup and shutdown price.
c) Fuel cost: The fuel cost of MT is related to its

working efficiency as (7) shows [23]

Ft,s
F

(
Pt,s

m

) = (
Ut,s

m Pt,s
m cng

)/
(ηmLHV) (7)

where cng represents the natural gas price; LHV represents
low-hot value of natural gas, which is 9.7 kWh/m3 in this
paper; Pt,s

m represents the output power of microsources;
ηm represents working efficiency.

The fuel cost of DE is a function of its consumption
characteristics, and it can be expressed

Ft,s
F

(
Pt,s

m

) = Ut,s
m

(
a + bPt,s

m + c
(
Pt,s

m

)2) (8)

where a, b, and c are fuel cost coefficients of DE whose
values are generally given by manufacturers. In this paper,
a = 6, b = 0.012, and c = 0.00085.

d) Operation and maintenance cost: Operation and
maintenance cost is assumed to be proportional to the output
power of microsources [24], and it can be calculated

Ft,s
M =

Nm∑

i=1

KmUt,s
m Pt,s

m (9)

where Km is the operation and maintenance cost proportional
coefficient.

e) Pollutant emission conversion cost: MT and DE oper-
ate with the emission of nitrogen oxides (NOx), sulfur diox-
ide (SO2), carbon dioxide (CO2), and other air pollutants.
To consider environmental benefits of microgrid, the pollutant
emission conversion cost is calculated

Ft,s
P =

Nm∑

m=1

Np∑

p=1

Ut,s
m Pt,s

m ampcp (10)

where p is the pollutant type index; Np represents the total
number of the pollutant types; amp is the pollutant emission
factor; cp represents the conversion cost.
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2) Network Loss: Microgrid is generally connected to
a low-voltage (up to 1000 V) level distribution network,
of which the ratio of resistance and reactance is generally
high [25]. So, the network loss cannot be ignored in the oper-
ation of microgrid. Since energy saving has more and more
significance nowadays due to energy crisis, this paper empha-
sizes the role of network loss reduction in saving energy more
than increasing economic benefits. So, network loss is cho-
sen as another subobjective shown in (11) instead of a part of
economic cost

⎧
⎨

⎩

F̄2 = ∑Ns
s=1 π s∑Nt

t=1 Pt,s
loss

Pt,s
loss = ∑Nb

b=1

[(
Pt,s2

b + Qt,s2
b

)
Rb

/∣∣Vt,s
b

∣∣2
] (11)

where b is the line index; Nb is the total number of the line
branches; F̄2 represents the expected total network loss of
microgrid in the entire scheduling period; Pt,s

loss is the network
loss power; Pt,s

b and Qt,s
b are, respectively, active power and

reactive power; Rb is the line resistance and |Vt,s
b | is the voltage

amplitude.
3) Constraint Conditions: For equality constraints penalty

function method is used while for inequality constraints off-
limit values are set to their limit values.

a) Power balance constraint:

Nm∑

m=1

Pt,s
m + Pt,s

SB = Pt,s
net + Pt,s

loss (12)

where Pt,s
SB is the charge/discharge power of SB, Pt,s

SB < 0
when SB is in the charge state, Pt,s

SB > 0 when SB is in the
discharge state, and Pt,s

SB = 0 when SB is in the idle state.
b) Output power constraint:

Pmin
m ≤ Pt,s

m ≤ Pmax
m (13)

where Pmin
m and Pmax

m are the minimum and maximum output
power, respectively.

c) Node voltage constraint:

Vmin
q ≤ Vt,s

q ≤ Vmax
q (14)

where Vt,s
q is the voltage of the qth node; Vmin

q and Vmax
q

are, respectively, the minimum and maximum voltage of the
qth node.

d) Minimum in-service and out-service time constraints:

⎧
⎨

⎩
Tt,s

in,m ≥ Tmin
in,m

Tt,s
out,m ≥ Tmin

out,m

(15)

where Tt,s
in,m(Tt,s

out,m) is the in-service (out-service) duration time
and Tmin

in,m (Tmin
out,m) is the minimum in-service (out-service)

duration time limit.
e) Ramp up/down rate constraint:

⎧
⎨

⎩
Pt,s

m − Pt−1,s
m ≤ rup

m �t

Pt−1,s
m − Pt,s

m ≤ rdown
m �t

(16)

where rup
m and rdown

m represent the maximum ramp up/down
rate, respectively; �t is the time interval duration.

f) Storage battery constraints:

Et,s
SB =

⎧
⎨

⎩
Et−1,s

SB − Pt,s
SB�tηch Pt,s

SB < 0

Et−1,s
SB − Pt,s

SB�t
/
ηdis Pt,s

SB ≥ 0
(17)

Pmax
SB,ch ≤ Pt,s

SB ≤ Pmax
SB,dis (18)

Emin
SB ≤ Et,s

SB ≤ Emax
SB (19)

where Et,s
SB is the energy stored in SB; Emin

SB and Emax
SB are,

respectively, the allowed minimum and maximum energy
stored in SB; Pmax

SB,ch (Pmax
SB,dis) is the maximum charge (dis-

charge) rate; ηch(ηdis) is the charge (discharge) efficiency.
4) Fuzzy Multi-Objective Optimal Operation Model of

Microgrid: This paper formulates a multi-objective optimal
operation model of microgrid aiming for minimizing eco-
nomic cost and network loss. But there is no unique global
optimal solution meeting the two subobjectives at the same
time. Besides the two subobjectives have different dimen-
sions, so they cannot be simply linear weighted to convert
the multi-objective optimization problem into a single objec-
tive optimization problem. Therefore, this paper uses the
fuzzy mathematics to solve the multi-objective optimization
problem.

Fuzzy mathematics applies membership function to judge
the fuzzy satisfaction degree of the optimization results.
According to the characteristics of the optimal operation of
microgrid, membership function is selected as [26], [27]

Aj =
{

1 Fj ≤ Fmin
j

exp
((

Fmin
j − Fj

)/
Fmin

j

)
Fj > Fmin

j
(20)

where Aj is the membership function value of the jth ( j = 1, 2)
subobjective function; Fj is the function value under the
jth subobjective, and Fmin

j is the minimum value of the jth
subobjective.

According to maximum fuzzy satisfaction degree method,
a fuzzy multi-objective optimal operation model of microgrid
is established as follows:

max A s.t.

⎧
⎨

⎩

A ≤ A1
A ≤ A2
(12) − (19)

(21)

where A = ⋂2
j=1 Aj.

Fuzzification can be accomplished through the following
three steps.

1) Obtain optimal solution of each subobjective.
2) Calculate the membership function value of each sub-

objective function according to their optimal solutions.
3) Get the maximum of the membership function under

the constraints, and the solution responding to the max-
imum is the optimal solution of the multi-objective
optimization problem.

III. CHAOS PARTICLE SWARM

OPTIMIZATION ALGORITHM

A. Chaos Optimization Algorithm

Chaos optimization algorithm has the characteristics of
ergodicity, randomness, and regularity. It is able to complete
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traversal of all states un-repeatedly in a certain range. It is
very sensitive to the initial conditions and the used parameters.
Compared to random search, chaos optimization algorithm
is easier to jump out of local optimal solution, so it can
effectively avoid premature problem.

Logistic mapping is generally applied in chaos optimization
to generate chaotic variables. The form of logistic mapping is
shown

{
yk+1 = 4yk(1 − yk), yk ∈ (0, 1)

y0 = rand(·), y0 /∈ {0.25, 0.5, 0.75}
(22)

where yk is the chaotic variable at the kth iteration; y0 is the
initial value of the chaotic variable.

B. BPSO Algorithm

BPSO algorithm is proposed to overcome the deficiency of
basic PSO, which is applicable to discrete space optimization
problems. In BPSO, velocity vector is not the rate of change
of particle position, but the probability of change of particle
position. In other words, velocity vector represents the posi-
tion state (1 or 0) of particles with a certain probability [13].
In BPSO, the velocity updating formula of each particle is
described in (23), and the position updating formula of each
particle is formulated

vk+1
i,d = vk

i,d + c1r1

(
pk

i,d − xk
i,d

)
+ c2r2

(
pk

g,d − xk
i,d

)
(23)

xk
i,d =

{
1 r3 < sigmoid(vk

i,d)

0 other
(24)

where pk
i,d is the best position found by the ith particle;

pk
g,d is the best position found by the entire particle swarm;

vk
i,d and xk

i,d, respectively, represent the velocity and position of
the ith particle at the kth iteration in the d-dimensional search
space; c1 and c2 are learning factors; r1, r2, and r3 are ran-
dom numbers uniformly distributed between 0 and 1; function
sigmoid is used to transform the velocity to the probability
constrained to the interval [0,1] and it is defined

sigmoid
(

vk
i,d

)
=

⎧
⎪⎨

⎪⎩

2

1+e
−vk

i,d
− 1 vk

i,d ≥ 0

1 − 2

1+e
−vk

i,d
vk

i,d < 0.
(25)

C. CBPSO Algorithm

1) Principle of CBPSO: BPSO algorithm is a parallel algo-
rithm, its implicit parallelism is suitable for global search, but
its capability of avoiding local optimization is poor [13]–[15].
So, this paper combines BPSO algorithm with chaos opti-
mization algorithm based on the sensitivity of initial values
and ergodicity of chaos algorithm. Chaotic search is applied
to the particles which have already lost the ability of global
search.

In a particle swarm iterative optimization process, at least
one particle is in a fixed state, and other particles gradu-
ally move close to the fixed particle. When the particle is
close enough to the fixed particle, the particle can only search

for a limited area [18]. In order to improve search perfor-
mance of particles, this paper initializes the particles by chaos
optimization algorithm in the early stage of the PSO process.

Distance between an arbitrary particle and the best par-
ticle is calculated to judge whether these two particles are
overlapping, and the distance is evaluated

Di = (Xi − Xbest)
2 (26)

where Di represents the distance between the ith particle
and the best particle, Xi and Xbest, respectively, represent the
position of the ith particle and the best particle.

The overlapping particles are separated by chaotic search
approach. Specifically, the best particle remains invariant,
while the other particle is mapped into a chaotic variable
space and chaotic motion is applied to it as a chaotic variable
according to (22). Then the newly obtained chaotic variable is
remapped into the search space as a new particle, and replaces
the original particle.

2) Steps of CBPSO: Steps of the proposed CBPSO algo-
rithm are given as follows.

1) Input particle swarm size, dimension of variables, iner-
tia weight, the maximum velocity of particles, the
maximum number of iterations, the limit of iteration
convergence error, parameters of each microsource, and
initial startup/shutdown condition.

2) Set the initial number of iterations as k = 1; distribute
chaotic variables uniformly in the space between 0 and 1
by (22); map the variables into the search space to get
initial position of particles.

3) Evaluate fitness function value of each particle; record
the minimum fitness function value as current optimal
solution and record current pk

i,d and pk
g,d.

4) Update velocity and position of each particle.
5) Calculate the distance between an arbitrary particle and

the current best particle; if the distance is less than
a reference value, which is 10−3 in this paper, the best
particle remains invariant, apply chaotic motion to the
other particle, perform chaotic search within a given
number of steps; replace the original particle with the
new particle obtained by chaotic search.

6) Judge whether the state of each particle meets con-
straints; if not, replace the state value with limit value.

7) Judge whether the current best solution meets the limit
of iteration convergence error or the number of iterations
meets the maximum number of iterations; if meets the
iteration stop criterion, output the current best solution;
if not set k = k + 1, and go to step 3.

D. Benchmark Functions Test

In order to test the effectiveness of CBPSO, four represen-
tative benchmark functions shown in Table I are used to test
the performance of CBPSO against the standard BPSO. In
Table I, n is the dimension of the function and S is a subset
of Rn. Optimal solutions of the four functions are all zero.
BPSO and CBPSO run independently 100 times under the
same condition as follows: each function is 10 dimensions,
and the maximum number of iteration is 1500; the population
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TABLE I
TEST FUNCTIONS

TABLE II
PERFORMANCE OF BPSO AND CBPSO ON BENCHMARK FUNCTIONS

size is 20. The same sets of parameters are assigned for BPSO
and CBPSO, i.e., c1 = c2 = 2 and vmax = −vmin = 4. All sim-
ulations are carried out by MATLAB and run on an Intel Core
i5-3320M CPU @ 2.60 GHz computer with 4 GB RAM. Their
performances on the four benchmark functions are shown in
Table II. CPU time in Table II is the mean running time of
the 100 times tests.

Table II indicates that CBPSO outperforms BPSO on both
unimodal and multimodal benchmark functions. CBPSO is
able to obtain lower average solution and the standard devi-
ation of CBPSO is also superior. Especially in the tests of
multimodal functions, BPSO is trapped in local optima, the
particles cluster together and lose their ability to explore the
search space in later iterations. However, CBPSO can use
chaotic search to overcome the disadvantage of BPSO, so it
successfully finds the optima of the multimodal functions. And
CBPSO also has fast running time than BPSO.

IV. SIMULATION ANALYSIS

A. Microgrid Structure

A microgrid system with DE, MT, FC, WT, PV, and SB is
shown in Fig. 1. The switch at the common coupling point
is off, so the microgrid is in island mode. Network param-
eters are as follows: the voltage level is 0.4 kV, the line
type is LJ-16 with R = 1.98 �/km, X = 0.358 �/km [25].
Parameters of SB and controllable microsources are, respec-
tively, listed in Tables III and IV. Conversion cost of different
kinds of pollutants and the pollutant emission factors of MT
and DE are summarized in Table V. Fig. 2 shows the rela-
tionship between cost of each microsource and its output
power. One can see from Fig. 2 that when the output power
is more than 4 kW, FC has the least cost while MT has the
most. Forecast load of each feeder is depicted in Fig. 3 and

Fig. 1. Structure of microgrid.

TABLE III
PARAMETERS OF SB

TABLE IV
PARAMETERS OF CONTROLLABLE MICROSOURCES

min min

TABLE V
CONVERSION COST AND EMISSION FACTORS

($/kg)

Fig. 2. Relationship between cost of each microsource and its output power.

forecasted output power of WT, PV, and net load are shown
in Fig. 4.

B. Simulation Results Analysis

Based on the scenario generation and reduction approaches,
the optimal operation problem of microgrid in the uncertain
environment is transferred into deterministic optimization
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Fig. 3. Forecast load demand.

Fig. 4. Forecasted output power of WT, PV, and the net load.

TABLE VI
COMPARISON RESULTS OF DIFFERENT AMOUNTS OF SCENARIOS

problem with multiple deterministic scenarios of microgrid.
It is worth to note that a larger number of the scenarios
can capture the uncertainty factors better while it requires
larger computational burden. Therefore, 1000 scenarios are
generated as a tradeoff between solution accuracy and com-
putational burden. The amount of reduced scenarios is deter-
mined according to the coefficient of variation which is defined
as CVf = σf /(μf

√
Ns), where σf and μf are, respectively,

the standard deviation and the mean value of the uncertain
variable f . If the value of CVf becomes less than a pre-
specified tolerance (i.e., between 0.1% and 0.5% according
to [28]), then the amount of reduced scenarios is consid-
ered as acceptable. Table VI lists the expected values and
computing time of the solutions obtained by six batches of
reduced scenarios. Table VI shows that the reduction from
50 to 10 scenarios only slightly increases the expected val-
ues of economic cost and network loss by 0.1909% and
0.0537%, respectively, whereas the CPU time is decreased
sharply by 80.66%. So, the number 10 is selected as the

TABLE VII
PROBABILITIES OF THE RESERVED SCENARIOS

Fig. 5. Comparison of controllable microsources output power between the
microgrid without SB and the microgrid with SB of 150 kWh.

amount of reduced scenarios. Table VII depicts the proba-
bilities of these ten scenarios. From Table VII, one can see
that scenario 1 has the most probability among all scenarios,
which means that only about 28.36% of the uncertainty fac-
tors can be captured in a deterministic framework scenario at
most. However, the stochastic framework let all the ten sce-
narios to determine the solution, so it capture the uncertainty
factors about 3.5 (100/28.36) times more than the determinis-
tic framework. Accordingly, scenario-based stochastic method
can appropriately take the uncertainties of microgrid into
account.

For optimizing the size of SB, the rated capacity of SB is
taken as a decision variable between 50 to 500 kWh. The max-
imum charge and discharge power are set to 20% of its capac-
ity, which means that SB can be fully charged or discharged
in 5 h. The minimum capacity of SB is set to 10% of its full
capacity and the maximum capacity is its full capacity. The
initial and end capacity are both 10% of its full capacity. In
order to investigate the effect of the optimal sizing of SB on the
operation of microgrid, study case without SB is also imple-
mented. By the proposed algorithm, the optimal rated capacity
is 150 kWh. The total economic cost and network loss of
microgrid are respectively $420.5361 and 79.6843 kW, while
these values are, respectively, $453.2082 and 86.3576 kW for
the microgrid without SB. One can see that with SB of opti-
mal rated capacity, microgrid can save $32.6721 and reduce
6.6733 kW network loss one day. Fig. 5 depicts the com-
parison of controllable microsources output power between
the microgrid without SB and the microgrid with SB of opti-
mal size. Fig. 5 shows that in the microgrid with SB, MT
(the least economical microsource) is able to shut down dur-
ing off-peak load hours and output less power during peak
load hours. This is because that SB helps to stabilize load
fluctuations and shift the peak load demand to FC (the most
economical microsource) during off-peak hours. But in the
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TABLE VIII
COMPARISON RESULTS OF BPSO AND CBPSO OF 20 TRIALS

Fig. 6. Convergence curves of BPSO and CBPSO for economic cost.

Fig. 7. Convergence curves of BPSO and CBPSO for network loss.

microgrid without SB, during peak hours MT has to output
more power to meet the high-load demand when FC and DE
have already been working at their maximum output power
limits. Moreover, during off-peak hours, microsources have
to startup or shutdown more frequently to deal with the load
fluctuations.

For comparison of BPSO and CBPSO, 20 random trials
are carried out with the same parameter settings as follows:
the size of the particle swarm is 50; maximum iteration num-
ber is 200; learning factors are both 2; the maximum velocity
is 10. Comparison results are listed in Table VIII. It shows
that the proposed CBPSO can find a better solution with
less economic cost and network loss. Standard deviation val-
ues indicate that CBPSO has better robustness. CBPSO also
has fast computing speed according to the mean CUP time.
Figs. 6 and 7, respectively, depict the convergence curves of
BPSO and CBPSO for economic cost and network loss. These
figures intuitively reveal that CBPSO has better search capa-
bility and convergence speed than BPSO in the application for
optimal operation of microgrid.

Moreover, the fuzzification results of the proposed algo-
rithm are listed in Table IX. It shows that the economic
cost and network loss of the fuzzy multi-objective opti-
mization model are, respectively, only slightly higher and

TABLE IX
FUZZIFICATION RESULTS

larger than those under single objectives, and the satisfac-
tion degree of each subobjective is relatively high. The fuzzy
multi-objective optimization model effectively finds a balanced
solution for minimizing economic cost and network loss to
achieve economic benefits and energy saving in microgrid.

V. CONCLUSION

This paper studied the optimal sizing of storage devices
and the scheduling of controllable microsources in microgrid
with the consideration of the uncertainties of uncontrollable
microsources and load. Based on maximum fuzzy satisfaction
degree method, the multi-objective optimization problem was
converted into a single objective optimization problem. BPSO
algorithm was combined with chaos optimization algorithm in
order to improve the global search capability of BPSO. The
performance of the CBPSO is better than BPSO on four
benchmark functions. Simulation results validated that the pro-
posed CBPSO algorithm can effectively solve the optimization
problem to maximize the economic benefits of microgrid and
minimize the network loss.
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