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Abstract—This paper introduces a method to optimal design of a
hybrid Wind/Photovoltaic/Fuel cell generation system for a typical
domestic load that is not located near the electricity grid. In this
configuration the combination of a battery, an electrolyser, and a
hydrogen storage tank are used as the energy storage system. The aim
of this design is minimization of overall cost of generation scheme
over 20 years of operation. The Matlab/Simulink is applied for
choosing the appropriate structure and the optimization of system
sizing. A teaching learning based optimization is used to optimize the
cost function. An overall power management strategy is designed for
the proposed system to manage power flows among the different
energy sources and the storage unit in the system. The results have
been analyzed in terms of technical and economic. The simulation
results indicate that the proposed hybrid system would be a feasible
solution for stand-alone applications at remote locations.

Keywords—Hybrid energy system, optimum sizing, power
management, TLBO.

1. INTRODUCTION

HE significant increase in energy consumption, non-

renewable nature of fossil fuel, high fossil fuel costs, and
environmental concerns are major factors in the development
of renewable energies [1]. Natural resources in the world have
depleted rapidly as mankind venture into the new millennium.
The energy consumption is steadily increasing and the
deregulation of electricity has caused that the amount of
installed production capacity of classical high power stations
cannot follow the demand [2]. On the other hand operating
small industrial equipment such as measuring instruments,
sensors or weather stations, at remote locations require reliable
off-grid power supplies. On the other hand, distributed
generation (DG) is one new option being promoted for solving
distribution system capacity problems [3].

Also, it is known that renewable energy such as wind,
hydro, solar, and geothermal are relatively expensive and
limited in availability. Anyway, to mitigate the environmental
impacts to the planet and the risk of depending only on few
sources of energy, there is an increasing interest in renewable
energy sources [3].

A method to fill out the gap is to make incentives to invest
in alternative energy sources such as wind generator
photovoltaic systems and hydropower resources [4]. A
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common problem is that the wind generators and PV-modules
cannot cover the energy demand of the equipment during a
period because of the irradiation characteristics of wind and
solar. These facts suggest the development of a hybrid system.

A hybrid energy system consists of two or more energy
systems, energy storage systems, power conditioning
equipment and controllers. It may or may not be connected to
the grid. Multiple energy sources including Wind Generator
(WG), Photovoltaic panels (PV), Fuel Cells (FC), diesel
generators, gas turbines and micro turbines can be combined
together to form an hybrid energy system [5]-[12]. The
optimal sizing problem is solved for PV-FC hybrid system
[13], [14], and for WG-PV-FC hybrid system [15], [16].
Furthermore the optimal sizing of PV-FC hybrid system is
performed by means of Genetic Algorithm (GA) and Particle
Swarm Optimization (PSO) [17]. Modelling of a WG-PV-FC
hybrid power system in HOMER software is performing in
[18].

The feasibility of the generation structure, the cost of
primary energy resources and fuel for the scheme, and the
reliability indices of electricity supply, make optimal sizing of
the hybrid energy systems a very complicated optimization
mathematically. The aim of this study is to identify the most
economic and appropriate power supply system for a selected
remote area using a Teaching Learning Based Optimization
(TLBO).

As shown in Fig. 1, in this paper, a stand-alone hybrid
alternative energy system consisting of WG, PV, FC,
electrolyser, and battery is proposed for stand-alone
applications.
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Fig. 1 Proposed system configuration

WG and PV are the primary power source of the system,
and the FC-Electrolyser combination is used as a backup and a
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long-term storage system. A battery bank is also used in the
system for short-time backup to supply transient power.

An overall power management strategy is designed for the
system to coordinate the power flows among the different
energy sources. Simulation studies have been carried out to
verify the system performance using practical load profile and
real weather data form Shiraz area in south-west Iran. The
details of the major system components, system reliability and
economical model are also discussed in the paper.

This paper is organized as follows: In Section II, the system
sizing and configuration is reviewed with details of the load
profile and weather data. The mathematical model of the
hybrid WG/PV/FC system is developed in Section III. The
power management strategy, the modeling of system
reliability and the economic model are explained in section IV
to section VI. The optimization method is described in Section
VII. The TLBO algorithm is described in Section VIIL
Technical and economic analysis of hybrid energy systems are
presented in Section IX. Finally, the conclusion of the paper is
described in Section X.

II. SYSTEM SI1ZING AND CONFIGURATION

The optimization of the size of a hybrid plant is very
important, and leads to a good ratio between cost and
performances. Before the system sizing, the load profile and
the weather data should be evaluated. Therefore they are
presented in the following sections.

A. Load Profile Curve

The load profile curve is needed to size the sources and the
other devices. Monthly average of 20 years of Shiraz weather
data (Table I), with sample daily load profiles is used to
simulation of proposed system. The estimated hourly load
profile is shown in Fig. 2. The load average in a day is 1
(KW). This consumption evolution is based on a domestic
consumption in a typical remote village.

B. Weather Data

Noticeably, the wind turbine and the solar power is linked
to the weather conditions, and hence it is unpredictable, based
on a real case near ‘‘Shiraz’’, the wind speed, the solar
radiation data and the ambient temperature comes from the
average of recent 20 years [19].
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Fig. 2 Load profile on a 24 hours period

TABLEI
SHIRAZ MONTHLY AVERAGE OF WIND SPEED (M/S), SOLAR IRRADIATION
(WH/M?/DAY), AND AMBIENT TEMPERATURE (°C)

Weather Data Wind speed Solar irradiation =~ Ambient temperature

(m/s) (KWh/m?/d) (°C)

January 5.86 3.27 4.39
February 6.28 4.27 6.25
March 6.32 4.94 10.22
April 5.96 6.00 16.94
May 6.54 7.03 22.97
Jun 6.59 7.49 27.14
July 7.07 7.02 28.80
August 6.73 6.72 27.66
September 6.10 6.02 23.57
October 5.40 4.91 18.15
November 5.36 3.64 11.91
December 5.78 3.04 6.67

III. SIMULATION MODEL

As shown in Fig. 1 this paper develops the hybrid system
consisting of Proton Exchange Membrane (PEM) FC, WG and
PV modules that uses battery to store the energy and
electrolyser to produce hydrogen. The hydrogen can be
produced, during the surplus of energy production, from water
by electrolysis and stored in a container for further use. Indeed
the electrolyser in this model is used as a dump load.

A. WG Model

A wind turbine converts the kinetic energy of wind into
mechanical energy. Wind generators can be separated
according to the type of the axis about which the turbine
rotates. Turbines that rotate around a horizontal axis are more
commonly used than those that rotate around a vertical axis.
The model is based on the characteristics of the power of
turbine at steady state. The fitting equation of the output
characteristics of wind generator can be expressed as [20]:

0 V<V, M
aV?-bP, V,<V<V,

Py =
P V. <V<V,
0 V>V,

where Py is the output power of wind generator at wind
speed V, P; is the rated power, V' is the wind speed at the hub
height, V,;, V; and V,, are the cut-in, rated and cut-out wind
speeds, respectively. a and b are the polynomial coefficients of
the cubic spine interpolation functions which depend on the
wind turbine generator type, as shown in:

v>i-v? v>-v}
r —Va oV )

B. PV Model

Insolation data (expressed in W/m?) is converted into power
output from the PV array using (3) [21]:

Poy =1Ins(t)xnpy xSpy 3
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where Ins(?) is the insolation data at time ¢ (W/m?), S,y is PV
surface (m?), and 7y is the overall efficiency of the PV.

C. Battery Model

The battery input power can be positive or negative
depending on the charge or discharge mode of operation. The
state of charge (SOC) is deduced from the battery power and
efficiency (11z47) [22]:

SOC = J.(PBAT,Ch arging <M par — PBAT,D[.\'L‘h arg ing )dt 4

The FC is activated when the battery SOC is lower than a
minimum threshold value (SOC,;y). On the contrary, FC is
stopped and the electrolyser starts up when SOC is higher than
a maximum threshold value (SOC),4y).

D. FC Model

This model permits to calculate hydrogen consumption
according to the delivered power. It should be noted that the
FC auxiliary system needs around 20% of the FC net power
(for cooling and air pressurization) [22].

E. Electrolyser Model

An electrolyser is a device that produces hydrogen and
oxygen from water. Water electrolysis can be considered a
reverse process of a hydrogen-fueled FC. From electrical
circuit point of view, an electrolyser can be considered as a
voltage-sensitive nonlinear dc load [23]. In this paper electro-
lyser is considered as a dump load too.

IV.POWER MANAGEMENT STRATEGY

An overall control strategy for power management among
different energy sources in a multi-source energy system is
needed. Fig. 3 shows the block diagram of the overall control
strategy for the proposed hybrid alternative energy system.
The power difference between the generation sources and the
load demand is calculated as:

P

ver = Eve T Poy = Boup = Psc ®)
where, Pgc is the self-consumed power for the system
operation. The governing control strategy is that, at any time,
any excess WG and PV generated power (Py,, > 0) is supplied
to the battery or the electrolyser to generate H, that is
delivered to the hydrogen storage tanks through a gas
compressor. Therefore the power balance equation given in (5)
can be written as:

PWG + PPV = PLOAD + PBAT,Charging + Psc

(soc(soc,,,) (6)

PWG + Py :PLOAD +PELEC +PSC
(soc=s0cC,,,) (7

when there is a defect in power generation (Pyzr < 0), the
battery and/or the FC stack begins to produce energy for the

load. Therefore, the power balance equation for this situation
can be written as:

B, +P, +P

BAT Discharging — Pow + Psc

(50C)SOC, 1) (3)

PWG + PPV + PFC + (PBAT,Disch arg ing ): PLOAD + Psc

(soc(soc,,y) 9)

Wind T,
- c .
Generator Ekecrolizer
H;

U= H: Sra-;a
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Fig. 3 Block diagram of the overall control scheme for the proposed
hybrid WG/PV/FC energy system

V.MODELING OF SYSTEM RELIABILITY

Several approaches are used to achieve the optimal
configurations of hybrid systems in terms of technical
analysis. In this study, the technical sizing model for the HPFS
is developed according to the concept of LPSP to evaluate the
reliability of hybrid systems [24]. The methodology used can
be summarized in the following steps:

The total power (P,,), generated by the WG, PV generator
and FC at hour t is calculated as:

P, (t)= Py (t)+ Poy (t)+ Prc¢) (10)

Then, the inverter input power (P;,,(?)), is calculated using
the corresponding load power requirements, as:

P )= Tl an
Miny

where Prosp(t) is the power consumed by the load at hour t,
Ny 18 the inverter efficiency (95% in this study). It should be
noticed that the electrolyser power is added to P;p4p When it is
activated. Three states may be appearing:

a) The total power generated by the WG, PV and FC is
greater than the power needed by the load, P,,. In this
case, the energy surplus is stored in the batteries and the
new storage capacity is calculated using (4) until the full
capacity is obtained. The remainder of the available
power is dedicated to the electrolyser to produce
hydrogen.

b) The total WG, PV and FC power is less than the power
needed by the load (P;,,), the energy deficit is covered by
the storage and a new battery capacity is calculated using

4.
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c) In case of inverter input and total power equality, the
storage capacity remains unchanged.

In case (a) when the batteries capacity reaches a maximum
value (Cg4rmax), the control system stops the charging process.
The wasted energy, defined as the energy produced and not
used by the system, for hour ¢ is calculated as:

WE(;) =P, (l‘)At _ [PL()AD (t) Af + [ CBAT.max - CBAT(t - 1)]] (12)

Miny Meha

In case (b), if the batteries capacity decreases to its
minimum level (Cg4zmin), the control system disconnects the
load and the energy deficit, loss of power supply for hour ¢ can
be expressed as:

LPS()= P (0 t_[(PWG(t)+PPV(r)+Ppc(t))Atj 3
+ CBAT(t - 1)_ CBAT,min

where At is the step of time used for the calculations (in this

study A4t = 1 h). During that time, the power produced by the

WG, PV and FC is assumed constant. So, the power is

numerically equal to the energy within this time step.

The loss of power supply probability, for a considered
period T, can be defined as the ratio of all the LPS(?) values
over the total load required during that period. The LPSP
technique is considered as technical implemented criteria for
sizing a hybrid WG/PV/FC system employing a battery bank
and an electrolyser. The technical model for hybrid system
sizing is developed according to the LPSP technique.

LPSP = ZT:LPS(t)/ ET:PLUAD (eae o

t=1

where T is the operation time (in this study, 7 = 1 year). One
more concept can be introduced too. The concept is the energy
excess percentage, which is defined as the wasted energy
divided by the total energy produced by the WG, PV and FC
during the considered period.

WE(t) (15)
Emr (t)

EXC(1)=

For a given LPSP value and a defined period, many
configurations can technically meet the required reliability
demand of power supply. The optimal configuration can be
identified finally from these set of configurations by achieving
the lowest LCE. This can be performed by applying an
economical model developed in Section VI.

VI.EcCONOMIC MODEL

There are different financial analysis models based on
“discounted cash flow analysis” such as, net present value,
required revenues analysis, profitability index, internal rate of
return and levelized cost [25]. These analysis models are
termed as financial indicators and are used for comparison of
different projects. The choice of model would depend on the

sector for which the analysis is being performed. As the
project is related to electricity generation, it was categorized
as a private utility sector project. In this section, an economic
sizing model is developed for the HPFS according to the
levelized cost of energy concept. The LCE is defined as:

1o TPV < CRE (16)

LOAD

where E;op is the yearly output in (KWh), TPV and CRF are
the total present value of actual cost of all system components
and the capital recovery factor, respectively, which can be
expressed as:

CRin("(lJr)")m an
1+i) -1

TPV =Cpp+Cpy +Cro +Crpre + Car (18)

where i is the annual discount rate, # is the system lifetime in
years, Cyc the sum of present value of capital and
maintenance costs of the WG in system life, Cpy the sum of
present value of capital and maintenance costs of the PV
generator in system life, Crc the sum of present value of
capital and maintenance costs of the FC in system life, Cgrrc
the sum of present value of capital and maintenance costs of
the electrolyser in system life and Cp,r is the sum of present
value of capital and replacement costs of battery bank in
system life. The configuration with the lowest LCE is taken as
the optimal one from the set of configurations, which
guarantee the required LPSP. The annual discount rate is
considered as 10%, system lifetime is 20 years and the details
of proposed system components can be found in Table II.

VII. SYSTEM OPTIMIZATION

Different approaches have been reported for optimization
cost of generation units such as linear and nonlinear
programming, probabilistic approach, dynamic programming,
and iterative techniques [26].

A. Problem Formulation

The aim of this study is to achieve a stand-alone hybrid
generation system, which should be appropriately designed in
terms of economic, reliability, and environmental measures
subject to physical and operational constraints/strategies.

1) Objective Function

The function that must be optimized is the system cost. This
function is defined as a sum of WG cost (Cy), PV cost (Cpy),
battery cost (Cpyr), electrolyser cost (Cgrec), and FC cost
(Cro).

Cooemn=Cue +Cpp +Crc + Crype +Cpyp + PF (19)

system

The cost for each element should be deducted:
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C, =N, x[CCost; + RCost; xK; + OMCost;] (20)
i= WG, PV, Battery, FC, Electrolyser

where N, is the number/size of the system component, CCost;
is the capital cost, RCost; is the replacement cost, K; is the
number of replacement, and OMCost; is operation and
maintenance cost through the system operation. PF is penalty
factor that will added to objective function when one or more
constrains dose not satisfy. The cost of the system elements
can be seen in Table II.

2) System constraints

a) Power Balance Constraint

For any period t, the total power supply from the hybrid
generation system must supply the total demand P, p with a
certain reliability criterion. This relation can be represented by

21):
PWG+PPV+PBAT+PFC2[)LOAD+PELEC+PSC (21)

b) Bounds of Design Variables

The proposed hybrid system optimization parameters
including the battery capacity (Capgqr (KWh)), number of PV
panels (Npy), and FC power level (Prc(W)) should be within a
certain range:

Cap iz s = CaP iy < CAP 7 ppan (22)
Ny stin < Npy < Npy o (23)
Ny ain =< Nig =< Nyg rvar 24)
Prc stin =< Pre = Prc (25)

Also, as the battery needs certain energy to supply the load in
the beginning hours of the next day, battery energy at the end
of the day (in normal condition) should be equal or greater
than the battery energy at the beginning of the day.

(26)

EBAT,End 2 EBAT.SmrI

As discussed before, the objective of optimum design of
this renewable hybrid generation system is to simultaneously
minimize Csysrey, as well as maximize system reliability. The
design parameters that should be derived include number of
wind turbines, PV panels, battery capacity and FC power
level.

Based on those element costs, the system total cost is
defined. The simulation model is run for any combinations of
WG, PV surface, battery capacity and FC power level that are
created by TLBO. The FC and electrolyser working rate is
obtained. After that, these results are used to calculate the total
cost of the system, assuming that the system lifetime is 20
years (equal to the PV lifetime).

TABLE II
DETAILS OF COMPONENTS

Wind Generator

Technology 'WHISPER 200
Rated Power 1 KW
Cut-in Speed 3.1 m/s
Rated Speed 11.6 m/s
Cut-out Speed 25 m/s
Capital cost 3200 US$
Operation & Maintenance cost 100 USS/year
Lifetime 15 year
PV array
Technology Polycrystalline
Maximum Power 120 W
Efficiency 12 %
Module unit 1.07 m?
Short circuit current 7.74 A
Open circuit voltage 21V
Capital cost 4.84 US$/Wopeax
Lifetime 20 year
Fuel cell array
Technology PEMFC
PEMFC stack 100 W
Efficiency 50 %
Operating Temperature 80 ¢
Capital cost 8 US$/W
Replacement cost 6 USS/W
Lifetime 5000 hour
Electrolyser
Technology Alkaline
Efficiency 74 %
Capital cost 20 US$/W
Lifetime 20 year
Battery
Technology Lead-acid
Capital cost 20 US$/KWh
Lifetime 5 year
Charging efficiency 80 %

VIII. TEACHING-LEARNING-BASED OPTIMIZATION

This optimization method is based on the effect of the
influence of a teacher on the output of learners in a class. It is
a population based method and like other population based
methods it uses a population of solutions to proceed to the
global solution [27]. A group of learners constitute the
population in TLBO. In any optimization algorithms there are
numbers of different design variables. The different design
variables in TLBO are analogous to different subjects offered
to learners and the learners’ result is analogous to the ‘fitness’,
as in other population-based optimization techniques. As the
teacher is considered the most learned person in the society,
the best solution so far is analogous to Teacher in TLBO. The
process of TLBO is divided into two parts. The first part
consists of the “Teacher phase” and the second part consists of
the “Learner phase”. The “Teacher phase” means learning
from the teacher and the “Learner phase” means learning
through the interaction between learners. In the sub-sections
below we briefly discuss the implementation of TLBO [28],
[29]. More detail of proposed TLBO is shown in Fig. 4.
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A. Initialization

Following are the notations used for describing the TLBO
e  N:number of learners in class i.e. “class size”
e D:number of courses offered to the learners
e MAXIT: maximum number of allowable iterations

The population X is randomly initialized by a search space
bounded by matrix of N rows and D columns.

The jth parameter of the ith learner is assigned values
randomly using (27)

Xg.j) = x}“i" +rand x (x]*

_ X}nin ) (27)

where rand represents a uniformly distributed random variable
within the range (0,1), x™"; and x™*; represent the minimum
and maximum value for jth parameter. The parameters of ith

learner for the generation g are given by

g — g g g g g
Xo = [X@,w"(i,z)»x(i,sw-"»x(i,j)v"vx(i,m ] (28)

B. Teacher Phase

The mean parameter Mg of each subject of the learners in
the class at generation g is given as

g — g g g g g
M f[ml,mz,mS,A..,mj,..A,mD] (29)

The learner with the minimum objective function value is
considered as the teacher X" for respective iteration. The
Teacher phase makes the algorithm proceed by shifting the
mean of the learners towards its teacher. To obtain a new set
of improved learners a random weighted differential vector is
formed from the current mean and the desired mean
parameters and added to the existing population of learners.

Xnew(gi) = X(gi) +randx (Xicachcr - TF x Mg) (30)

Tr is the teaching factor which decides the value of mean to be
changed. Value of T can be either 1 or 2. The value of Ty is
decided randomly with equal probability as,

T, =round [1 +rand(0,1 )] (31

where Tr is not a parameter of the TLBO algorithm. The value
of Ty is not given as an input to the algorithm and its value is
randomly decided by the algorithm wusing (31). After
conducting a number of experiments on many benchmark
functions it is concluded that the algorithm performs better if
the value of Ty is between 1 and 2. However, the algorithm is
found to perform much better if the value of 7 is either 1 or 2
and hence to simplify the algorithm, the teaching factor is
suggested to take either 1 or 2 depending on the rounding up
criteria given by (31).

If Xnew®;)is found to be a superior learner than X%; in
generation g, than it replaces inferior learner X%; in the
matrix.

START

Initialize number of student
(Population)

!

Identify the best solution (teacher)|
and calculate the mean

!

Modify solutions based on best solution
Xnew® s =X + rand % (Xreaener—TrME)

No

Is new solution better than existing?

Yes
Replace with the old one |

Select any two solutions randomly

Xiand X
X{‘;ﬁ/'mulx(Xf",ﬁXf",,,). if /(X“‘f,k/(/\’f”)
Xnewf, =
XE +randx(XE,-XE)),  othewise

Is new solution better than existing?

Replace with the old one

Is termination criteria satisfies?

Fig. 4 TLBO flow chart

C. Learner Phase

In this phase the interaction of learners with one another
takes place. The process of mutual interaction tends to
increase the knowledge of the learner. The random interaction
among learners improves his or her knowledge. For a given
learner X*;), another learner X%, is randomly selected (i #r).
The ith parameter of the matrix Xnew in the learner phase is
given as

XE +randx(XE -XE), if f(XEDS(XES)

Xnews, = (32)

X(g‘)Jrrandx(X(gI., 7X(gl.) ), othewise
IX. SIMULATION RESULTS AND VALIDATION

In this section, several simulations have been made by
considering different combinations taking into account, the
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power of WG, PV and FC and the capacity storage. Technical
and economic evaluation of hybrid systems with the proposed
method has been studied with Shiraz weather data that are
given in Table I. Considering the different structure; the
system simulation has been done. Then the simulation results
are used to optimize the size of the system by TLBO. The
convergence of the algorithms to obtain the optimum size of
the system is shown in Fig. 5. The convergence of the TLBO
algorithm is compared to the GA and PSO applied to the
proposed system in [16]. The parameters are optimum values
that are given in Table III.

In order to inspect the operation of system according to
power management strategy, Fig. 6 is presented. In Fig. 6
operation of system in a typical day and normal weather
condition on 24 hours term is shown. For a start, the FC does
not work because the battery SOC is high enough and the
wind and solar power is weak, thus the load is supplied by the
battery (see Fig. 6). When the battery SOC is lower than the
threshold value, the FC is activated and the load is supplied.
But the FC is unable to supply the load more than 500 W, thus
in spite of low SOC, battery supplies surplus of the load.

As long as the solar power rises during the day, load is
mainly supplied by WG and PV and battery is in charging
mode.

x 10“ Convergence of optimization of algorithm
8 T T T T T
.......... GA
7757 --+--PSO |
TLBO
s i
P i
38
6.5r }I 4
6251 ‘1 1
I
6l o L e—— i
5751
55 | | I I |
0 25 50 75 100 125 150

lteration

Fig. 5 Convergence of optimization of algorithms

When the battery SOC reaches its nominal value, the
battery charging is stopped and the electrolyser is activated.
On condition that the FC is working, it supplies the load up to
500W. Over this value, both WG and PV supplies the
additional load or the battery supplies it at the time of the wind
speed and solar radiation does not exist. During the day, WG
and PV charges battery and when battery reaches its nominal
SOC, FC is stopped. The battery SOC in different modes of
battery operation is shown in Fig. 7.

TABLE III
OPTIMIZED VALUES OF WG/PV/FC HYBRID SYSTEM
Number of Number of PV FC Batteries
WG panels power Capacity
Optimum 3 32 500w 22KWh
values
LPSP LCE EXC Total cost
0 0.732 $/KW 20% 57571 US$

5000 . . . . . . . . . . .
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—WG
s Electrolyser
10010 ] S——
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© 2000F - ------------
2
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o

1000f - - - - - - - ----
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Fig. 6 Powers evolutions during 24 hours

<
=
8
2
9]
Pl
£
©
[a1]
1.4 L L L L ‘ L L ‘\ L L
2 4 10 12 14 16 18 20 22 24
Time (hour)
Fig. 7 Energy of battery during 24 hours
X.CONCLUSION
If the hybrid plants with renewable resources are

constructed based on technical and economic studies, they can
bring a significant economic benefits. In this paper the
optimization of hybrid WG/PV/FC systems with TLBO
algorithms was performed. Thus the specified system has been
simulated and the results were discussed. The results of
simulation have been used to find the optimal sizing of the
configuration. It was found that TLBO was able to find the
optimum design parameters of the stochastic simulation
model. To observe the performance of the proposed method
and system performance with respect to the designed control
strategy, system simulation based on Shiraz weather data was
performed. The total cost of the optimized system showed that
the system can deliver energy in a stand-alone installation with
an acceptable cost. Proper system reliability was another
interesting result of this study.
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