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Abstract- Optimal design of hybrid power systems (HPSs) is necessary to meet both the profitability of renewable-energy 
resources operations and the electricity demand. The major objective of this study is to develop an effective method for 
optimizing size of HPSs. A new meta-heuristic nature-inspired algorithm, called firefly algorithm is used to achieve this 
objective. A general formulation of this algorithm is presented together with an analytical and mathematical modeling to solve 
the size optimization problem. The results are compared with those obtained by alternative techniques proposed in the 
literature in order to show that the proposed algorithm is capable of yielding better optimal solutions. 
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I. INTRODUCTION 
 
The conventional energy resources such as oil and 
natural gas have been existence all over the world as 
the major source of energy for many years. However, 
they are the main cause of global warming throughout 
the world. On the other hand, the demand for clean, 
sustainable and reliable energies throughout the world 
is continuously increasing because of economic and 
technical issues. Therefore, there is today a trend 
towards the use of innovative kinds of energy 
resources such as wind and sun powers. It is because of 
the fact that energies generated by solar panels and 
wind turbines reduce the greenhouse-gas emissions 
and also provide the efficient power system. Moreover, 
such renewable resources offer numerous economic 
benefits for the power system by reducing the 
electricity generation cost in off-the-grid remote places 
such as the hybrid photovoltaic (PV)-wind power 
system. 
 
Size optimization of the hybrid generation system 
plays an important role in minimizing the total annual 
cost and supplying annual load demand. To date, a 
considerable amount of literature has been published 
on the optimal design of PV and wind power 
generating systems. The main goal of these studies is to 
develop the cost-optimally design and energy 
management of the hybrid generation power system. 
Generally, four different approaches for size 
optimization of the hybrid generation system are 
employed, including hybrid, heuristic, analytical and 
probabilistic methods. Analytical and probabilistic 
approaches are quite simple. However, the need for 
high computational time is the main drawback of these 
methods. Moreover, they may find local solutions. 
Heuristic methods are one of the most widely used 
groups of methodologies in the optimal design of the 
hybrid PV-wind energy system because of their 
acceptable computational time. Nonetheless, in order 
to enhance the performance of the optimization 

techniques, the hybrid approaches are used in 
combination with such approaches.   
 
The major objective of this study is to find the 
optimum size of a PV- wind hybrid generation system 
to minimize the total annual cost and supplying annual 
load demand. The main aim of this paper is to find the 
optimum number of solar panels, wind turbines and 
batteries. To cope with this challenge, the Firefly 
Algorithm (FA) which inspired by the flashing 
behavior of fireflies is employed. High convergence 
rate, independent performance of the algorithm and 
robustness are the main reasons behind choosing this 
meta-heuristic algorithm.  
 
This paper is organized as follows. System component 
characteristic is described in Section 2. Optimization 
formulation is presented in Section 3. The FA is 
reviewed in Section 4. Simulation results are given in 
Section 5. Some conclusions are drawn in section 6.  
 
II. SYSTEM COMPONENT 
CHARACTERISTIC 
 
Wind turbines and photovoltaic arrays are widely used 
in HPS applications, for economic, environmental and 
technical reasons. The structure of used HPS is shown 
in Fig 1, which is composed of photovoltaic arrays, 
wind turbines and battery storage systems along with 
an inverter to convert DC power to AC power [9, 10]. 
The wind turbine and photovoltaic arrays are 
considered as the main source of power generation 
units in the HPS. Storage units are also employed to 
provide a functionality similar to a synchronous 
generator by absorbing temporary mismatches 
between power generation and demand. In other 
words, due to seasonal and periodical variations, the 
HPS should be used battery storage systems in 
combination of solar and wind resources. Dynamic 
models of the main components are described using 
MATLAB/Simulink in the following subsections. 
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Fig 1: Structure of HPS. 

 
A. Photovoltaic System Model 

By considering the amount of radiated solar power on 
the surface of each PV panel, hourly power output 
from the PV system can be obtained as: 

 
)(..)( tGAtP vpvpPV        

(1) 
 

Where,η  denotes the PV generator efficiency, 
A  is the area of PV array (m2) and G(t) is the total 
solar irradiance (W/m2). The PV generator efficiency 
can be given as: 
 

))(1(.)( crefcpcrPV TTt       
(2) 

 
where η  is the reference module efficiency, η  is the 
power conditioning efficiency which is equal to 1 if a 
perfect maximum power tracker (MPPT) is used. µ is 
the generator efficiency temperature coefficient, it is 
assumed to be a constant and for silicon cells the range 
of  µ is 0.004– 0.006 per (0C), θ ,  is the reference 
cell temperature (0C) and θ  is the cell temperature 
(0C). According to above-mentioned equations, the 
total power generated by PV generators can be 
obtained as: 
 

)(.)(, tPNtP PVPVTPV          
(3) 

 
Where N  is the number of solar panels. 

 
B. Wind Turbine System Model 

The wind speed at hub height and speed characteristics 
of the turbine are key components in calculation of the 
power output of the wind turbine generator at a 
particular site. Hence, Power output of a wind energy 
conversion system P  can be approximated as 
follows: 
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Where, v , v , and v  are the cut-in, 
cut-out, and rated speed of turbine (m/s), respectively. 
Also, P  is the maximum output power of turbine 
(kW), and P  is the output power at cut-out speed. 
According to above-mentioned equations, the total 
power generated by wind generators can be obtained 
as: 

 
)(.)(, tPNtP WGWGTWG           

(5) 
 

C. Battery bank system model 
At any hour, the state of battery is related to the 
previous state of charge and to the energy production 
and consumption situation of the system during the 
time from t-1 to t. During the charging process, when 
the total output of PV and wind generators is greater 
than the load demand, the available battery bank 
energy at hour t can be described by: 
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On the other hand, when the load demand is greater 
than the available energy generated, the battery bank is 
in discharging state. Therefore, the available battery 
bank energy at hour t can be expressed as: 
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Where E (t)  and E (t − 1)  are the available 
battery bank energy at hour t and t-1, respectively; η  
is the battery efficiency, which set equal to 1, and 
E (t) is the load demand at hour t. At any hour, the 
storage capacity is subject to the following constraints: 

 
(8) 
 

Where E ,  and E ,  are the maximum and 
minimum allowable storage energy. The minimum 
allowable storage energy can be obtained as: 

 
(9) 

 
Where, DOD (%) represents the maximum permissible 
depth of battery discharge. The number of batteries 
N  is determined by the following function: 

 
 
    (10)                   
   

 
Where Roundup (.) is a function which returns a 
number rounded up to an integer number; S  is 
required storage capacity; η  is usage% of rated 
capacity, which ensures battery’s life span; and S  is 
rated capacity of each battery. S can be written as: 
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D. Generated Power of Renewable Energyresources 
Basically, wind turbines and PV arrays are the main 
source of electric energy in the HPS. The total 
generated power through these small power generation 
units can be calculated by the following equations: 

 
)(.)(.)()()( ,, tPNtPNtPtPtP WGWGPVPVTWGTPVren  (12) 

 
Where, N  and N  are the total number of installed 
wind turbines and PV arrays, respectively. The 
generated power by these two units can be either 
injected to loads using inverter or to battery units.  
 
III. OPTIMIZATION FORMULATION 
 
In this paper, minimizing the total annual cost (AC) 
considering reliability indices is the main aim of the 
size optimization problem. It contains the capital cost 
(C )  and the total maintenance cost (C ) .  
Therefore, the total annual cost can be obtained as: 

 
MainCap CCAC             (13) 

 
The maintenance cost is considered over the lifetime of 
a project, whereas the capital cost is regarded from the 
start of a project. Therefore, it is impossible to compare 
these costs at different times. Discount factors are 
employed to convert a momentary value at one time to 
an equitant value at another time. In order to convert 
the initial capital cost to annul capital cost the capital 
recovery factor can be defined as: 

 
     (14) 

 
 
Where i is annual interest rate (6%); and n is the life 
span of the system (20 years). Hence, total annual 
capital cost of the PV-wind hybrid power system can 
be rewritten as: 
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where N  is the number of solar panels, N  is the 
number of wind turbines, C  is the capital cost of 
solar panel,  P  is unit cost of solar panel ($350), P  is 
panel installation fee ($175), C  is the capital cost of 
wind turbine, T  is unit cost of wind turbine($20000), 
T  is wind turbine installation fee ($5000), N  is the 
number of batteries, C  is unit cost of battery and  
LS  is battery’s life span. For the annual 
maintenance cost the following equation is used: 
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Where,C ,  is the maintenance costof the solar 
panel per kWh, C ,  is the maintenance cost of the 
wind turbine per kWh and ∆t denotes the time between 
the samples.  
 
IV. FIREFLY ALGORITHM  
 
The FA is a meta-heuristic algorithm, which operates 
based on the flashing patterns and behavior of fireflies. 
It is suggested by Xin-She Yang at Cambridge 
University in 2008. Basically, it is formulated based on 
the following idealized rules: fireflies are unisex so 
that one firefly will be attracted to other fireflies 
regardless of their sex; the attractiveness is 
proportional to the brightness, and they both decrease 
as their distance increases. Thus for any two flashing 
fireflies, the less bright one will move towards the 
brighter one. If there is no brighter one than a particular 
firefly, it will move randomly; the brightness of a 
firefly is determined by the landscape of the objective 
function. Based on these three idealized rules, the 
pseudo-code of the FA can be summarized according 
to Fig 2. In this algorithm, the differences in light 
intensity play a key role in forming the objective 
function. Indeed, it aids the fireflies to move towards 
brighter and more attractive locations in order to find 
optimal solutions. All fireflies are characterized by 
their light intensity associated with the objective 
function. Each firefly has its attractiveness β described 
by monotonically decreasing function of the distance r 
between two any fireflies: 

                                          
      (17) 

Where β  denotes the maximum attractiveness (at r = 
0) and γ  is the light absorption coefficient, which 
controls the decrease of the light intensity. The 
distance between two fireflies i and j at positions x  
and x  can be defined as follows: 

    
 

                    
  (18) 

 

 
Fig 2. Pseudo-code of the FA. 
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Where x ,  is the k-th component of the spatial 
coordinate x  of i-th firefly and d denotes the number 
of dimensions. The movement of a firefly i is 
determined as: 
 

             
(19) 

 
Where the first term is the current position of a firefly i, 
the second term denotes a firefly’s’ attractiveness, and 
the last term is used for the random movement if there 
are not any brighter firefly (rand is a random number 
generator uniformly distributed in the range < 0, 1 >). 
For most cases (0,1)β = 1 . In practice the light 
absorption coefficient γ varies from 0.1 to 10. This 
parameter describes the variation of the attractiveness, 
and its value is responsible for the speed of theFA 
convergence. 
 
V. SIMULATION RESULTS 
 
Matlab environment is used to formulate the 
optimization problem. The parameters of the FA are 
adjusted as follows: n = 5, γ = 1, β0  = 2, α = 0.2 and the 
maximum number of iterations is considered equal 40. 
Figures 3-5 show annual average hourly demand, 
annual power generated by each wind turbine and 
annual power generated by each solar panel, 
respectively. Fig 6 also illustrates the convergence 
process of FA, which shows the minimum value of the 
total annual cost during the iteration. It can be observed 
that after 24iterations, the FA converges to the optimal 
solution.  

 

 
Fig 3: Average hourly electrical demand in a day. 

 

 
Fig 4: Average hourly power generated by a windturbine in a 

day. 
 

 
Fig 5: Average hourly power generated by a solar panel in a day. 

The optimization of the HPS is done with the aim of 
minimizing the annual cost of power generation and 
considering the power balance constraint. The optimal 
capacity of the HPS is achieved for three different 
states, including by wind turbines resource, by solar 
panels and finally by the HPS.  
 
Table 1 shows the optimal solution when the proposed 
algorithm is implemented without resource limitation 
constraints. As can be seen, in this simulation, the 
algorithms chose wind turbine only because the unit 
cost by wind turbines is cheaper than that by solar 
panels.  Therefore, in this part, FA tries to use wind 
turbines to supply the load. As seen, the optimal 
solution vector ( N = 0 , N = 2 , N = 9 ) is 
calculated with the optimal cost of $5404. The results 
are also competed with those obtained by alternative 
techniques proposed in the [9] and [10]. According to 
this Table, the proposed algorithm shows better 
optimal solution. 

 

 
Fig 6: Convergence of FA to find the optimum size. 

 
Table 1: The optimal solution when the proposed 

algorithm is implemented without resource limitation 
constraints. 

[10] [9] FA 
0 0 0 PVN  
2 2 2 WGN  
10 11 9 BattN  

5652.3 5652.66 5404 ($)AC  
 

In the next step, in order to utilize some solar panels, 
the following constraints can be considered to the 
formulation:  
 
N = 1(20) 
N = 0(21) 
 
Table 2, depicts the simulation results based on 
equation (3). As can be observed, in this stage, the 
solar panels, wind turbines and batteries are provided 
the load demand. The proposed method is obtained 
72solar panels, 1 wind turbine and 11 batteries. As can 
be seen from Table 2, the results of proposed method 
are close to the results of references.  However, in the 
suggested method, the lower-cost is provided.  
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Table 2: The simulation results based on equation 
(20). 

[10] [9] FA 

72 72 72 PVN  

1 1 1 WGN  

11 11 11 BattN  

6692.28 6692.6 6518 ($)AC  
 

Table 3 also depicts the simulation results based on 
equation (4). As can be seen, the solar panels and 
batteries are provided the load demand. The proposed 
method is obtained 159 solar panels and 16 batteries. 
As can be seen from this Table, the results of proposed 
method are close to the results of references [9, 10].  
However, in the suggested method, the lower-cost is 
provided.  

 
Table 3: The simulation results based on equation (21). 

[10] [9] FA 

160 160 159 PVN  

0 0 0 WGN  

17 17 16 BattN  

8843.463 8844 8550 ($)AC  
 
CONCLUSION 
 
The main aim of this paperis to develop a firefly 
search-based method to find the optimum size of a 
HPS. High convergence rate, independent performance 
of the algorithm and robustness are the major reasons 
behind choosing this algorithm. The simulation results 
show that FA not only produces promising results but 
also finds the optimum solution less than other applied 
methods. It can be concluded that the FA cloud be an 
efficient candidate for optimizing the size of HPS.  
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