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SUMMARY

Increasing interest in smart grids exhibits its potential benefits for providing reliable, secure, efficient, envi-
ronmental friendly and sustainable electricity from renewable energy resources. Here, reliability models of
four types of renewable and hybrid distributed generation were developed. A fuzzy multi-objective function
was suggested for simultaneous optimization of reliability, electricity generation cost, grid loss and voltage
profile. This not only considers uncertainty of renewable energy resources but also provides smart genera-
tion dispatching. An efficient reliability index consisting of energy and interruption frequency terms was
also defined. A novel hybrid heuristic optimization method based on simulated annealing and particle
swarm optimization methods was proposed. These approaches were applied to the generation dispatching
of a smart grid, and the results were discussed in details. Scenarios including the changes of wind speed,
sun light, fuel price and weight coefficients of the objective function were analyzed. This work succeeds
to model uncertainty of renewable energy resources and performs technical and economical optimization
in the power generation planning. Copyright © 2014 John Wiley & Sons, Ltd.

key words: renewable energy resources; smart grids; generation dispatching; reliability; multi-objective
function; heuristic optimization techniques

1. INTRODUCTION

The high service reliability, high power quality, low cost, energy efficiency enhancement, energy
independence and employing renewable energies are the most interesting factors in the utilization of
distributed energy resources (DER). An approach for implementing DERs along with high-tech control
and communication devices is called smart grid, which causes significant improvement in the power
system operating conditions [1]. Smart micro grid is a concept which refers to a small-scale power sys-
tem including a cluster of loads and distributed generations (DG) operating together based on energy
management, control and protection devices accompanied by the related software to support future
power grids. Smart micro grids can operate in connection to the power system or as an isolated one.
In both conditions, the whole generation units and load points are manipulated by a monitor and con-
trol center [2–5]. For considering uncertainty of wind energy, Dobakhshari and Fotuhi-firuzabad [6]
suggested a reliability model of a wind turbine (WT) farm. In this paper, a similar model to the
suggested one is used for a single WT. Moreover, we have developed reliability models for three types
of renewable and hybrid DGs. The approach has overcome the setbacks associated with simulation-
based methods in terms of both volume of data and computational burden of such techniques.
By integrating DERs, common formulation of generation dispatching problem should be modified [7].

An energy management system based onmixed integer nonlinear programming and a local energy market
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are presented for a micro grid [8]. Furthermore, an architecture for real-time operation for an islanded
micro grid is suggested to find out hourly power set points of DERs and customers [9]. It is obvious that
there is an essential need for sharp dispatching of power generations in a smart grid that is helpful to
improve the grid operation. This necessitates the development of more reliable power dispatching and
optimization methods. Classical optimization techniques such as linear and quadratic programmings
exploit several approximations in order to reduce optimization complexity problem. In addition,
those techniques are highly sensitive to the starting points with large probability of convergence at
local optima. Those are usually used for specific optimization cases and do not offer great degree
of freedoms in the objective functions or types of constraints [10]. The importance of applying
heuristic optimization techniques for short-term energy planning is mainly due to the existence of
multiple uncertainties [11]. The PSO method has been significantly employed in the optimal
operation management regarding its population-based search capability, convergence speed and
robustness. However, the performance of a conventional PSO algorithm gives rise to local optima
trapping [12,13]. Therefore, a novel hybrid heuristic optimization method was developed based on
SA and PSO techniques, in this study. The combination called SA–PSO method gains the global
optimization from SA and the advantages regarding the PSO.
In order to achieve an optimal generation dispatching, four technical and economic objectives

consisting of power supply reliability, EGC, GL and VP were simultaneously optimized via an FMOF.
Furthermore, a reliability index including the energy and interruption frequency terms was defined and
subsequently applied to the generation dispatching. A case study was investigated, and the results were
discussed in detail.

2. DURATION AND FREQUENCY CONCEPTS IN TIME SERIES

Available quantity of renewable energies such as wind and solar irradiance determine power generated
by renewable DG units. Since these energies have random nature, actual power generation capacity of
a renewable DG unit can be modeled as a stochastic parameter.
Markov’s model could be used to describe a stochastic process as the transitions between probable

states, in which each represents a discrete value. Modeling a stochastic process by a Markov model
requires the residual time of state to follow an exponential distribution [6,14,15]. Here, the exponential
time of state was considered for all applications. In the exponential distribution, a constant transition
rate between states i and j, λij, is given by:

λij ¼
N ij

T i

(1)

where Nij is the number of observed transitions from state i to state j, and Ti denotes the duration of
state i calculated during the whole period.
The departure rate from state i to the upper and lower states ascertained to be λ+i and λ�i,

respectively, is as follows:

λþi ¼
X

Nstates

j¼1;j>i

λij (2)

λ�i ¼
X

Nstates

j¼1;j<i

λij (3)

where Nstates is the total number of states.
Occurrence probability of state i, Pi, is as Equation (4):

Pi ¼
T i

XNstates

j¼1
T j

¼
T i

T
(4)

where T is the entire period of observation.
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The frequency of occurrence of state i, fi, is as below:

f i ¼ Pi λþi þ λ�ið Þ (5)

3. RELIABILITY MODELS OF RENEWABLE DG UNITS

Nowadays, renewable energy resources face public attraction due to being distributed in most places, envi-
ronmental friendly and fuel cost vanishing. Since these power sources are related to uncertain energy re-
sources, it is customary to exploit the auxiliary energy source to develop a hybrid generation unit. A few
possible options are available that can adapt themselves in conjunctionwith aWT or photovoltaic (PV) array.
Those are fuel cell (FC), batteries, reciprocating generators and micro turbines. Batteries are desirable for a
short-term solution. Reciprocating generators and micro turbines offer a compact size and high energy
density; however, those are pollutants and their running cost is high. Despite the solar and wind energies
are renewable; however, their combination looks like not to be reliable. FCs possess high clean energy den-
sities, which generate power as long as the fuel is supplied. Although FCs have higher fuel costs, because of
their higher efficiencies, their performance resembles to be much better than the reciprocating engines [16].
In general, renewable DGs given in the present work includeWT, PV, hybridWT–FC and hybrid PV–FC.
Reliability model of a WT farm is developed previously [6]. A similar model is applied for a singleWT in
this paper. Moreover, we proposed three reliability models for PV, WT–FC and PV–FC.

3.1. WT reliability model

The output power of a WT depends on its turbine availability and wind speed. This model is different
from non-renewable power generation units. For a non-renewable unit, it is assumed that the unit
delivers its rated power when it is available. In the case of a WT, if it is in an operative state, its output
power depends on wind speed. WT manufactures usually present the relationship between wind speed
and output power as a power curve of the turbine. Also, output power of aWT is given as a function of
wind speed [17] such that:

P ¼

0 v < vin; v > vout

1
2
cvρAv

3 þ k vin≤v≤vr

Pr vr≤v≤vout

8

>

>

<

>

>

:

(6)

where v is wind speed, vin, vr and vout represent cut-in speed, rated speed and cut-out speed of the WT,
respectively; cv, ρ and A ascertain total efficiency of wind power, air density and sweep area of the WT

rotor, respectively.
A 600-kW WT is investigated. Figure 1 depicts the power curve of the turbine with cut-in speed,

rated speed and cut-out speed of 4, 15 and 25m/s, respectively.

Figure 1. Reliability model of the hybrid WT–FC unit.
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When the wind speed lies between rated and cut-out speeds, rated power would be generated.
Conversely, when the wind speed is either lower than the cut-in speed or higher than the cut-out speed,
then the output power of the turbine would be zero. To develop the reliability model of the WT, the
output power is split into finite states. However, the number of states is arbitrary and depends on
the required accuracy of the model. For example, the output power of the 600-kW turbine can be split
into five state, i.e. 0, 150, 300, 450 and 600 kW.
A wind speed sequence of 140 h is shown in Figure 2, and corresponding data for the output power

result are shown in Figure 3.
The measured power in Figure 3 is depicted by dash line whereas the approximate curve exhibits the

output power categorized in five finite steps.
To accommodate rapid variations in hourly wind speed, it is useful to study the possible transitions

between power states. A five-state reliability model of the WT is proposed as shown in Figure 4, such
that the steps WT1 to WT5 represent 600, 450, 300, 150 and 0 kW for the WT, respectively.
This WT possesses a forced outage rate (FOR) of 3.3%. Using Equation (1) and the FOR, transition

matrix of the WT, λWT, can be obtained as follows:

λWT ¼

0 0:0417 0:0069

0:0347 0 0:0278

0:0280 0:0208 0

0:0069 0:0072

0 0:0002

0 0:0140

0:0139 0 0:0208

0:0069 0:0048 0:0034

0 0:0140

0:0394 0

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

(7)

Figure 2. Reliability model of the hybrid PV–FC unit.

Figure 3. Smart grid case study.
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3.2. PV reliability model

The PV benefits direct conversion of sunlight into electricity without interference of any heat engine.
PV devices are robust, simply designed and require little maintenance. The prominent PV advantage is
its construction as standalone systems to give outputs ranging microwatts to megawatts. Modeling and
corresponding relations of the PV sources have been previously described [18–22]. Using the acquired
knowledge of former articles, a reliability model for PV sources was developed in this work. Durisch
et al. [18] reported a method for calculating energy yield of the modules according to a semi-empirical
efficiency function, taking into account three parameters, namely cell temperature, solar irradiance and
relative air mass. The given yield power of mSi BP585F PV module was adopted to use in the present
calculations for a couple of days in different ambient conditions clear and cloudy weathers [18].
Furthermore, the PV array output power can be split into finite states, for instance 0, 110, 220 and
330 kW in the case of 330-kW PV array.
The output power logging of the 330-kW mSi BP585F PV module for 2 days (clear and cloudy skies)

operation is shown in Figure 5. The measured curve corresponds to the exact generation of output power,
and the approximate one shows the output power piece wisely divided in the finite steps.

Figure 4. Power curve of the 600-kW WT.

Figure 5. Instantaneous wind speed during 140 h.
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A four-state reliability model of the PV array was developed as shown in Figure 6, such that PV1 to
PV4 represent 300, 220, 110 and 0 kW output, respectively.
Equation (1) is written based on this PV unit with FOR of 0.45% to obtain the corresponding

transition matrix, λPV as below:

λPV ¼

0 0:025 0:125

0:075 0 0:100

0

0

0:075 0:150 0

0 0 0:075

0:075

0

2

6

6

6

6

4

3

7

7

7

7

5

(8)

3.3. Hybrid WT–FC

A proton exchange membrane (PEM) type of FC was considered in this study because of its faster
transient response comparing other types of FCs as well as grid connection ability [23]. Hence, when

Figure 6. Instantaneous output based on measurements and approximations.

Figure 7. Reliability model of the WT.
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the FC is available, it is utilized in full capacity. The corresponding reliability model consists of two
states: FC1 when it is available, and FC2 during failure. WT of the hybrid unit is the same as that
discussed in section 3.1. Therefore, the reliability model of the hybrid WT–FC unit arises from the
combination of reliability models of the WT and the FC, where the hybrid WT–FC unit involves ten
states according to Figure 7.
The transition matrix of a PEM type of FC, λFC, in terms of occurrence/hour is given in

Equation (9):

λFC ¼
0 0:0003

0:0333 0

� �

(9)

Regarding λWT in Equation (7) and λFC in Equation (9), the transition matrix of the WT–FC, λWT–FC is
obtained according to the following form:

λWT�FC ¼

0:0000 0:0417 0:0069

0:0347 0:0000 0:0278

0:0208 0:0208 0:0000

0:0069 0:0072 0:0003

0:0000 0:0002 0:0000

0:0000 0:0140 0:0000

0:0000 0:0000 0:0000 0:0000

0:0003 0:0000 0:0000 0 :0000

0:0000 0:0003 0:0000 0:0000

0:0139 0:0000 0:0208

0:0069 0:0048 0:0034

0:0333 0:0000 0:0000

0:0000 0:0140 0:0000

0:0394 0:0000 0:0000

0:0000 0:0000 0:0000

0:0000 0:0000 0:0003 0:0000

0:0000 0:0000 0:0000 0:0003

0:0417 0:0069 0:0069 0:0072

0:0000 0:0333 0:0000

0:0000 0:0000 0:0333

0:0000

0:0000

0:0000

0:0000

0:0000

0:0000

0:0000 0:0000 0:0347
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(10)

3.4. Hybrid PV–FC reliability model

A hybrid PV–FC source consists of a PV and an FC as discussed in previous sections is applied.
Figure 8 depicts the reliability model of the hybrid PV–FC unit.
Considering λPV in Equation (8) and λFC in Equation (9), the transition matrix of the hybrid PV–FC

unit, λPV–FC, is represented by:

Figure 8. Output power logging for a 330-kW mSi BP585F PV array during 2 days operating (clear and
cloudy sky).
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λPV�FC ¼

0:0000 0:0250 0:01250

0:0750 0:0000 0:1000

0:0750 0:1500 0:0000

0:0000 0:0003 0:0000

0:0000 0:0000 0:0003

0:0750 0:0000 0:0000

0:0000 0:0000

0:0000 0:0000

0:0003 0:0000

0:0000 0:0000 0:0750

0:0003 0:0000 0:0000

0:0000 0:0003 0:0000
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0:0000 0:0003
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0:0000 0:0000 0:0333

0:0000 0:0000 0:0000

0:0000 0:0750 0:1500
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(11)

4. OBJECTIVE FUNCTIONS

Four technical and economical objective functions are taken into account for optimum control and
generation dispatching purposes. These functions include reliability, EGC, GL and VP. Subsequently,
an FMOF was developed to optimize simultaneously the functions above.

4.1. Reliability objective function

The function is defined based on a couple of indices, i.e. relative expected energy not supplied (EENS)
and relative system average interruption frequency index (SAIFI). The resultant index is called here
energy and average interruption frequency index (EAIFI). Since some smart grids have got looped
structure, therefore corresponding reliability calculation is carried out by the minimal cut-set method.
Subsequently, the minimal cut-sets, which interrupt generated power to each load point, are fully
identified. The failure rate, unavailability and repair time attributed to each load point are computed
as follows [24]:

λi ¼
X

λj (12)

ui ¼
X

j

λjrj (13)

ri ¼
ui

λi
(14)

where λi and ri indicate failure rate and repair time of load point i, respectively, λj and rj ascertain
failure rate and mean outage time of cut-set j, respectively, and ui indicates unavailability of load point
i that can be interpreted as the mean time during a calendar year in which load point i is not energized.
The SAIFI is defined as below:

SAIFI ¼

XNLP

i¼1
λiN i

NTC

(15)

where NLP, Ni and NTC denote to be the quantity of load points, the number of consumers in load point
i and total number of consumers in the smart grid, respectively.
To compute the EENS, a capacity outage probability table is utilized for each load point [24]. The

EENS of each load point equates to cumulative expectation of energy curtailed for the same load point.
The EENS of the smart grid is equal to the sum of EENS at all load points.
The suggested EIAFI is given by:

EAIFI ¼ r1
EENS

EENSmax
þ r2

SAIFI

SAIFImax
(16)

where EENSmax represents maximum value of the EENS, SAIFImax ascertains maximum value of the
SAIFI obtained from optimization and r1 and r2 are weight coefficients so that r1+ r2= 1. Exact values
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of r1 and r2 depend on smart grid controller decision and are calculated via either a mathematical or the
analytic hierarchy process (AHP) methods.

4.2. EGC objective function

The EGC objective function consists of operation and maintenance and fuel costs of whole generation
units. The EGC is usually represented by a quadratic function; hence, the EGC is defined according to
the following equation:

EGC ¼
X

Ndg

i¼1

aiP
2
gi þ biPgi þ ci

� �

(17)

where Ndg is the number of DG units, ai, bi and ci represent coefficients of EGC of DG unit i and Pgi

denotes power generated by DG unit i.

4.3. GL objective function

This objective function depends on the power flow and admittance of the lines according to the given
expression:

GL ¼
X

Nb

i¼1

X

Nb

j¼1

Pij (18)

where Pij is written as bellow:

Pij ¼ U2
i Y ij cos θij

� �

� UiUjY ijcos δi � δj � θij
� �

(19)

where Nb denotes to be the number of lines, Ui and Uj are voltage of end nodes in line i, δi and δj stand
for power angles of end nodes of line i and θij is angle of admittance between node i and node j.

4.4. VP objective function

This objective function is defined as Equation (20).

VP ¼ max Uj � Uref ;j

� �2
(20)

where Uj and Uref,j are voltage dimension and reference voltage of node j.
This correlation is applied for both radial and looped structures of grids.

5. THE FMOF DESCRIPTION

A fuzzification procedure optimizes the multiple objective functions. This approach transforms
elements of the multi-objective function into a fuzzy domain with membership functions. The latter
indicate the satisfaction degree of the objectives. A lower membership value implies greater satis-
faction with the solution. The shape of membership function depends on the nature of the related
objective. Thus, the previously mentioned four objective functions are transformed into fuzzy environ-
ment and a single FMOF is formulated as follows:

Minimize FMOF ¼ w1 ψ1 þ w2 ψ2 þ w3ψ3 þ w4ψ4 (21)

where ψ1 to ψ4 stand for fuzzy subordination of the EAIFI, EGC, GL and VP, respectively, and w1 to
w4 are weight coefficients so that sum of w1 to w4 is equal to unity. Exact value of each weight coef-
ficient depends on the smart grid controller decision, which could be calculated by the AHP method.
The basic purpose of reliability membership function is to obtain the minimum value of the EAIFI.

Because the exponential function meets this criterion, the membership function for reliability improve-
ment is expressed as follows:
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ψ1 ¼

0 EAIFI≤EAIFIbest

1� exp
EAIFIbest � EAIFI

EAIFIbest

� 	

EAIFI > EAIFIbest

8

<

:

(22)

where EAIFIbest is the best value (the least value which is numerically extracted) obtained from opti-
mizing the EAIFI.
The EGC and GL fuzzified functions are expressed by a linear partition function of rise half

trapezoid given by:

ψ2 ¼

0 EGC≤EGCbest

EGC � EGCbest

EGCmax � EGCbest

EGCbest < EGC < EGCmax

1 EGC≥EGCmax

8

>

>

<

>

>

:

(23)

where EGCmax is the upper limit value of the EGC objective function and EGCbest ascertains the best
value of the EGC acquired from the EGC objective function’s optimization.
The EGC fuzzified function is given by a linear partition function of rise half trapezoid according to

the following equation:

ψ3 ¼

0 GL≤GLbest
GL� GLbest

GLmax � GLbest
GLbest < GL < GLmax

1 GL≥GLmax

8

>

>

<

>

>

:

(24)

where, GLmax is upper limit value of the GL objective function, and GLbest is the best value of the GL
obtained from the GL objective function’ optimization.
Since VP was related to the square of voltage change values, a root function was chosen to modify

fuzzified VP such that:

ψ4 ¼

0 VP≤VPbest
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VP� VPbest

VPmax � VPbest

r

VPbest < VP < VPmax

1 VP≥VPmax

8

>

>

<

>

>

:

(25)

where VPmax and VPbest stand for the upper limit value of the VP and the best value obtained from
optimization of the VP, respectively.

6. PROBLEM CONSTRAINTS

The electric network should satisfy several definite security and configuration constraints during the
optimization process of generation dispatching. These constraints are described as follows:

Pmin
DGi≤PDGi≤P

max
DGi

Qmin
DGi≤QDGi≤Qmax

DGi

PGi � PDi ¼
X

Nb

j¼1

Pij

QGi � QDi ¼
X

Nb

j¼1

Qij

Slj j≤Smaxl

Umin
i ≤Ui≤U

max
i

(26)

M. ANSARIAN ET AL.

Copyright © 2014 John Wiley & Sons, Ltd. Int. Trans. Electr. Energ. Syst. (2014)
DOI: 10.1002/etep



where PDGi
min , PDGi

max,QDGi
min and QDGi

max are the minimum active power, maximum active power, minimum
reactive power and maximum reactive power that could be generated by DG unit i, respectively.
PGi, PDi and Pij denote the total active power of installed DG units on node i, total active power
demand in node i and transmitted active power from node i to node j, respectively. QGi and QDi stand
for the total reactive power of installed DG units on node i and the total reactive power demand in node
i, respectively; Sl and Sl

max are the apparent power flow in line l and the maximum apparent power that
can flow in line l, respectively. Ui

min, Ui
max and Ui represent the minimum permitted voltage, maximum

permitted voltage and voltage of node i, respectively.
Qij is the transmitted reactive power from node i to node j:

Qij ¼ U2
i Y ij sin θij

� �

� UiUjY ijsin δi � δj � θij
� �

(27)

where Yi,j is the admittance between node i and node j.

7. OPTIMIZATION METHOD

The proposed SA–PSO benefits several advantages of SA and PSO methods together. In order to
describe the SA–PSO technique, a brief discussion of the SA and the PSO is given as below:

7.1. SA optimization method

This optimization process is analogous to the way liquid freezes or metal recrystallizes in the
annealing. In the latter process, the metal is initially heated up to the melting point. Then, it is slowly
cooled down to thermal equilibrium state at each temperature. SA has an asymptotic convergence to the
global optimization that allows for uphill moves [25,26]. It starts at high temperature T0 with an initial
feasible solution. The temperature is then decreased following a cooling schedule, μ(T0,k). In temper-
ature reduction steps, a fixed number of solutions are checked. The best value of the objective is com-
pared to the new one in each solution. If the new solution gives a better objective value than the current
one, it would be accepted. However, if the new objective value does not meet the criteria comparing
the current one, then it can be accepted with an acceptance probability given by Equation (28) [27]
such that:

Pnew Xð Þ ¼ exp �
f Xoldð Þ � f Xnewð Þ

μ T0; kð Þ

� 	

(28)

where f(Xnew) and f(Xold) are new solution and current objective value, respectively. k is the number of
iteration. The μ(T0, k) represents new temperature.
T0 is assumed suitable if it results in an average acceptance probability, p0, to be ~0.95. The value of

T0 depends on the scale of the objective function. Hence, T0 is estimated by conducting an initial
search, at which 95% rise of the objective function is accepted and the maximum objective increment,
Δfmax(x), is calculated and recorded subsequently. Thus, T0 is given by Equation (29):

T0 ¼
�Δf max X0ð Þ

ln p0ð Þ
(29)

In order to enhance coverage speed of FMOF, a logarithmic temperature reduction schedule is
defined such that:

μ T0; kð Þ ¼
T0

1þ logT0kð Þ
(30)

7.2. PSO method

This technique is a population-based optimization method, in which each particle represents a candidate
solution. If one particle finds a desirable path to proceed, then the other particles of this swarm will follow
that. The particle vector modification formula shows several variations according to [28,29]:
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V kþ1
ij ¼ ω� V k

ij þ c1 � rand1 � Pk
best;i � Xk

ij

� �

þ c2 � rand2 � Gk
best � Xk

ij

� �

Xkþ1
ij ¼ Xk

ij þ V kþ1
ij

i ¼ 1; 2;…;Ndg; j ¼ 1; 2;…;Nswarm

(31)

where k is the current iteration number, i is the index of each particle, Vij
k+1 is the modified velocity vector

of particle i based on the three displacement fundamentals,Xij
k+1 is the updated position of particle i, rand1

and rand2 are random numbers ranging [0,1], c1 and c2 ascertain learning factors, Pbest,i denotes the best
previous experience of the particle i that is recorded, Gbest stands for the best previous experience of
among the entire population, Ndg is the number of particles, Nswarm ascertains the number of swarms
and ω denotes the inertia or momentum weight factor.

7.3. SA–PSO method

However, high convergence speed and robustness can be considered as two important advantages of
the PSO method, it gives rise to local optima trapping. We propose the SA–PSO method to use global
optimization advantage of the SA technique in order to reduce the local optima trapping. Regarding
sections 7.1 and 7.2, the procedure for implementing the proposed SA–PSO method for the generation
dispatching is categorized in several steps:

Step 1: Initializing temperature and a population of particles with random positions and velocities
in the Nswarm-dimensional problem space using a uniform probability distribution function
at iteration = 1;

Step 2: Considering particle i and running AC load flow;
Step 3: Checking constraints; if the constraints are not satisfied, then do not accept new position

and velocity of the particle and go to step 2;
Step 4: Calculating reliability, VP, GL and EGC indices; if each of the EAIFIbest, EGCbest, GLbest or

VPbest becomes lower than their last value, take their new quantities and set iteration = 1;
then, go to Step 2;

Step 5: Calculating FMOF (fitness) for each particle;
Step 6: Comparing particle’s fitness with its own, Pbest,i. If the current value is lower than the Pbest,i,

then, set Pbest,i value equal to the current location in Nswarm-dimensional space;
Step 7: Comparing fitness with the population’s overall best previous solution (Gbest). If the current

value is better than Gbest, then, reset Gbest to the current particle’s array index and value;
Step 8: If the current value of fitness function is not better than Pbest,i, calculate Pnew from Equation (28).

If PT is larger than a random quantity, then, update velocity and position of the particle
according to Equation (31); otherwise, do not accept new position and velocity of the
particle and go to step 2;

Step 9: If a predefined stopping criterion such as a sufficiently good fitness or a maximum number
of iterations is met, then accept Gbest as a solution; otherwise, set iteration = itteration + 1,
apply cooling process by Equation (30) and go to step 2.

8. CASE STUDY

Methodologies discussed in previous sections were applied to the smart grid in Figure 9 as a case
study.
The installed DG units in this case study consist of four renewable types and four fossil fuel types.

The DG units containing aWT, a PV, a hybridWT–FC, a hybrid PV–FC, 2 gas engines (GE1 and GE2)
and two micro turbines (MT1 and MT2). Table I lists the capacity and location of the DG units as well
as data of load points.
Data of smart grid power lines are presented in Table II. The generation dispatching was accom-

plished for the micro grid in a 24-h period of day-ahead. Load duration of each load point during
24-h period of day-ahead is shown in Table III.
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Figure 9. Reliability model of the PV unit.

Table I. DG units and data of load points.

First installed DG unit
Second installed

DG unit Maximum load

Number of
consumersNode DG name

Capacity
(kW) DG name

Capacity
(kW) PMax (kW)

QMax
(kVAR)

1 – – – – 110 11 16
2 Hybrid WG–FC 650 – – – – –

3 WG 650 MT1 250 123 27 3
4 MT2 250 – – 164 16 24
5 PV 350 GE1 750 200 20 31
6 Hybrid PV–FC 350 – – 176 18 25
7 GE2 750 – – 200 20 29
8 – – – – 100 10 14

Table II. The data of smart grid power lines.

Line no. Start node End node R (pu)� 10�3 X (pu)� 10�3 B (pu)� 10�3 Failure rate (f/y)

1 1 4 5.68 3.15 0.39 1.36
2 2 3 2.81 1.56 0.20 0.67
3 2 4 5.87 3.26 0.41 1.40
4 2 5 6.93 3.85 0.48 1.65
5 3 6 3.99 2.22 0.28 0.95
6 4 5 2.31 1.28 0.16 0.55
7 5 6 1.37 0.76 0.10 0.33
8 5 7 7.05 3.92 0.49 1.68
9 5 8 4.68 2.60 0.33 1.12
10 7 8 2.81 1.56 0.20 0.67
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Table III. Power demand (kW) in a 24-h period of day-ahead.

No. of load point

1 3 4 5 6 7 8

Hours kW kVar kW kVar kW kVar kW kVar kW kVar kW kVar kW kVar

1 31 5 95 23 82 11 117 15 92 12 121 15 27 5
2 27 3 114 22 47 4 64 6 35 3 64 6 27 2
3 13 1 112 21 32 3 30 3 26 2 30 3 13 1
4 13 1 110 20 32 3 30 3 24 2 30 3 13 1
5 22 2 106 18 39 4 42 4 32 3 42 4 22 2
6 38 4 102 15 74 7 67 7 47 4 67 7 38 3
7 67 7 101 15 94 9 73 7 52 5 73 7 67 7
8 83 8 100 14 98 10 69 7 57 6 69 7 83 8
9 85 8 98 11 99 10 53 5 48 5 53 5 85 8
10 87 9 98 10 117 12 98 10 73 7 98 9 87 9
11 89 9 98 10 119 12 108 11 87 9 108 11 89 10
12 90 9 103 13 121 12 124 12 101 10 124 12 90 9
13 90 9 105 17 114 11 135 13 109 11 135 13 90 9
14 85 8 105 17 87 9 140 14 116 12 140 14 85 8
15 85 8 105 17 96 10 140 14 122 12 140 14 85 8
16 95 10 107 18 112 11 146 15 126 13 146 15 90 9
17 96 10 102 15 134 13 114 11 128 13 114 11 91 9
18 98 10 118 21 157 16 112 11 137 14 112 11 93 9
19 105 11 123 27 164 16 167 16 154 15 167 17 98 10
20 110 11 123 27 164 16 189 19 176 18 189 19 100 10
21 110 11 123 27 164 16 200 20 176 18 200 20 100 10
22 110 11 120 24 163 16 200 20 168 17 200 20 100 10
23 100 10 120 24 152 15 187 19 157 15 187 18 97 9
24 93 9 120 24 134 13 175 18 151 15 175 17 27 9
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9. NUMERICAL RESULTS

Approaches of this study were applied to accomplish generation dispatching of the smart grid.
Table IV represents suitable values of decision variables chosen after checking performance of a
wide range of quantities for the case study. Table V summarizes the results for generation power
dispatching of each DG unit as well as the values of objective function indices in the related time
intervals of the day-ahead.
The results show that the suggested SA–PSO method gives better optimum values of the FMOF

and execution time is less than the conventional PSO method in definite time intervals. Figure 10
illustrates FMOF variations by both SA–PSO and PSO methods. It indicates that the suggested
SA–PSO method is 3 times faster than the PSO method, which is an achievement in smart decision
making of power dispatching.

Table IV. Suitable values of decision variables.

Decision variable Value

r1 0.8
r2 0.2
w1 0.33
w2 0.11
w3 0.27
w4 0.29
Nswarm 13
T0 115

Table V. Optimum generation dispatching of each DG unit and the values of objective function indices in
the related time intervals of the day-ahead.

Optimum power dispatching of the DG units (kW)

EAIFI EGC ($) GL(kW) VPHours WT PV WT–FC PV–FC GE1 GE2 MT1 MT2

1 421 0 302 251 588 424 109 106 0.22 20.99 44 0.005
2 42 0 279 134 439 459 134 157 0.20 12.44 37 0.007
3 0 0 354 271 526 605 104 112 0.20 8.67 95 0.011
4 0 0 423 313 556 470 117 159 0.20 8.18 39 0.009
5 0 18 155 158 367 638 168 135 0.20 7.68 35 0.006
6 0 1 199 330 638 575 112 115 1.00 7.42 34 0.006
7 0 171 458 301 638 590 121 166 0.30 8.72 34 0.006
8 167 168 525 223 536 638 168 158 0.30 12.04 35 0.006
9 156 31 191 255 352 581 132 0 0.98 16.98 37 0.012
10 188 12 630 84 469 489 120 133 0.98 17.82 36 0.007
11 379 122 284 81 590 600 168 131 0.98 17.40 91 0.011
12 177 99 183 180 479 585 129 168 0.98 73.51 34 0.009
13 0 0 154 0 512 593 168 132 0.99 8.10 32 0.005
14 0 22 365 306 0 599 137 102 0.99 42.00 37 0.005
15 92 123 100 64 552 606 159 120 0.98 9.76 84 0.005
16 0 23 96 153 431 553 143 128 0.99 12.63 36 0.005
17 295 0 242 157 0 584 139 148 1.00 13.39 33 0.005
18 438 0 579 330 0 578 145 154 1.00 12.90 32 0.005
19 116 0 416 249 503 610 149 157 0.99 14.90 31 0.005
20 67 0 575 125 531 593 0 137 0.97 18.00 32 0.005
21 96 0 343 233 425 616 145 168 0.98 45.65 37 0.005
22 410 0 285 212 462 606 115 168 0.98 42.48 30 0.005
23 141 0 598 161 369 344 115 122 0.97 14.13 33 0.008
24 0 0 429 0 0 595 168 0 0.98 33.14 31 0.005
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Result changes of the FMOF in 24 h of day-ahead are shown in Figure 11.
Relative quantity of electricity generated from each kind of energy resource per maximum capacity

of each type of the DG units in a 24-h period of the day-ahead is illustrated in Figure 12.
Scenarios including the alteration of wind speed, fuel price, sun light irradiance and weights of

objective functions are analyzed accordingly. Initially, the data was acquired from normal scenario.
In the next scenarios, change percent of cumulative goal function indices in 24 h of day-ahead was
analyzed respect to the normal scenario. These scenario analyses were given as follows:

9.1. Wind speed scenario

Change percent of the cumulative goal function indices in 24 h of day-ahead in both high and low wind
speed scenarios in comparison with normal scenario is shown in Figure 13. In high wind speed
scenario, the VPF, SAIFI and FMOF were better (lower) than the same indices in the normal scenario.
In low wind speed scenario, the GCF, VPF and FMOF exhibit better values than the same indices
given by the normal scenario.

Figure 11. FMOF changes on the day-ahead.

Figure 10. Tracking FMOF quantity by SA–PSO and PSO.
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9.2. Cloudy day scenario

Figure 14 illustrates change percent of cumulative goal function indices of day-ahead in the cloudy day
scenario in comparison with the normal scenario. In the cloudy day scenario, the EGC, GL, VP, SAIFI
and FMOF obtain better values than the same indices given by the normal scenario.

9.3. Fuel price scenario

Change percent of cumulative goal function indices in 24 h of day-ahead in high and low fuel price sce-
narios are demonstrated in Figure 15 in comparison with the normal scenario. In high fuel price scenario,
the EAIFI, EGC,GL and EENS are found to be worse than the same indices in the normal scenario. In low
fuel price scenario, the EGC, VP and FMOF get better than the same indices given in the normal scenario.

9.4. Reliability weight change scenario

Figure 16 illustrates the change percent of cumulative goal function indices of day-ahead in high
reliability weight scenario and low reliability weight scenario in comparison with the normal scenario.

Figure 13. Change percent of cumulative indices in the wind speed scenario in comparison with the normal
scenario.

Figure 12. Relative quantity of electricity generation from energy resources.
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Figure 15. Change percent of cumulative indices in the fuel price scenario in comparison with the normal
scenario.

Figure 14. Change percent of cumulative indices in the cloudy day scenario in comparison with the normal
scenario.

Figure 16. Change percent of goal function indices in reliability weight change scenario in comparison with
the normal scenario.
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In the high reliability weight scenario, the EAIFI and EENS get better than the same indices given in
the low reliability weight scenario. The SAIFI does not undergo a noticeable change according to the
reliability weights.

10. CONCLUSIONS

The proposed reliability models of renewable DGs as well as FMOF are taken into account as efficient
methods to assess uncertainty of the renewable energies providing a smart generation dispatching. The
reliability index, EAIFI, was developed based on energy and interruption frequency to contribute the
optimization generation dispatching in smart grids. The suggested SA–PSO method is a faster one to
give better results respect to the conventional PSO technique within the definite time intervals.
Scenario’s analyses indicate that 15% rise of average wind speed leads to 5.5% growth of generation
cost. In other words, EGC not only depends upon energy resources, but also on the grid topology, load
points profile, DG places and the corresponding capacities. Furthermore, the results demonstrate that
52% increase of the reliability index weight in FMOF finds an increment of 1.3% of EAIFI; i.e. the
greater values of EAIFI weight do not necessarily reduce EAIFI. Therefore, the changes of each index
affect on the other indices and the smart grids structure accordingly. Eventually, this work showed that
due to ability of comprehensive control of DERs in smart grids they are foreseen to be frequently
utilized in the future power systems.
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11. LIST OF SYMBOLS AND ABBREVIATIONS

A Sweep area of the wind turbine rotor
ai Coefficient of EGC of DG unit i
bi Coefficient of EGC of DG unit i
ci Coefficient of EGC of DG unit i
c1 Learning factor 1
c2 Learning factor 2
cv Total efficiency of wind turbine
DG Distributed generation
EAIFI Energy and average interruption frequency index
EAIFIbest Best value that got from optimizing the EAIFI
EENS Expected energy not supplied
EENSmax Maximum value of the EENS
EGC Electricity generation cost function
EGCmax Upper limit value of the EGC
fi Frequency of occurrence of state i
f(Xnew) New solution of objective function
f(Xold) Current objective value
FMOF Fuzzy multi-objective function
Gbest Best particle among the entire population
GL Grid loss
Nb Number of the lines
Ndg Number of DG units
Ni Number of consumers in load point i
Nij Number of observed transitions from state i to state j
NLP Number of load points
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Nstates Total number of states
Nswarm Number of the particles in the swarm
NTC Total number of consumers in the smart grid
Pbest,i Best previous experience of the particle i that is recorded
PDGi
min Minimum active power that could generate by DG unit i

PDGi
max Maximum active power that could generate by DG unit i

PDT Total demand of active power
Pgi Generated power by DG unit i
PGT Total active power generated by all DG units
Pi Probability of occurrence of state i
Pij Transmitted active power from node i to node j
Ploss Grid power losses
Pnew Acceptance probability of new objective value
PSO Particle swarm optimization
p0 Average acceptance probability
QDGi Reactive power generated by DG unit i
QDGi
min Minimum reactive power that could generate by DG unit i

QDGi
max Maximum reactive power that could generate by DG unit i

r1 Weight coefficient
r2 Weight coefficient
ri Repair time of load point i
rj Average outage time of cut-set j
rand1 Random number in range of [0,1]
rand2 Random number in range of [0,1]
Reservemin Minimum desired power generation reserve
Sl Apparent power flow in line l
Sl
max Maximum apparent power that can flow in line l
SA Simulated annealing
SA–PSO Simulated annealing hybrid by particle swarm optimization method
SAIFI System average interruption frequency index
SAIFImax Maximum value of the SAIFI
T Entire period of observation
Ti Duration of state i calculated during the whole period
T0 High initial temperature
ui Unavailability of load point i
Ui
min Minimum permitted voltage on node i

Ui
max Maximum permitted voltage on node i

Uj End node voltage of line i
v Wind speed
vin Cut-in speed of the wind turbine
Vi Start node voltage of line i
Vi

k+1 Updated velocity vector of particle i
vout Cut-out speed of the wind turbine
vr Rated speed of the wind turbine
Vref,j Reference voltage of node j
VP Voltage profile
w1 Weight coefficient
w 2 Weight coefficient
w 3 Weight coefficient
w4 Weight coefficient
Xi

k+1 Updated position of particle i
Yi,j Admittance between node i and node j
Δfmax(x) Maximum objective increase
δi Power angles of node i
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δj Power angles of node j
λFC Transition matrix of the fuel cell
λi Failure rate of load point i
λij Transition rate between states i and j

λj Failure rate of cut-set j
λPV Transition matrix of the PV unit
λPV–FC Transition matrix of the PV–FC unit
λWT Transition matrix of wind turbine
λWT–FC Transition matrix of the WT–FC unit
λ+i Departure rate from state i to the upper state
λ�i Departure rate from state i to the lower state
μ Cooling schedule
ω Inertia or momentum weight factor
ρ Air density
ψ1 Fuzzy subordination of the EAIFI
ψ 2 Fuzzy subordination of the EGC
ψ 3 Fuzzy subordination of the GL
ψ4 Fuzzy subordination of the VP
θij Angle of admittance between node i and node j
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