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With the increase in energy consumption and in view of the reduction of fossil fuels and 

their destructive effects on the environment, the use of renewable energy systems has 

been considered. The hybrid system consists of several different sources, which 

increases the overall efficiency of the system. In this article, a hybrid system connected 

to the grid has been designed, the purpose of which is to increase performance in order 

to utilize energy sources, inject power into the grid, and reduce greenhouse gas 

emissions. For this purpose, different scenarios have been carried out and evaluated. 

For this purpose, an advanced optimization method based on Non-dominated Sorting 

Genetic Algorithm II (NSGA-II) has been used. the dimensions of energy resources are 

estimated for the cost price of 220 dollars, the annual profit in the purchase and sale 

prices of energy is 275, 310 and 344 dollars, respectively 20, 35 and 50 billion dollars. 

to evaluate the behavior of the proposed resource model, three scenarios have been 

arranged. the STD power quality index in the third scenario is lower than the base case. 
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1. INTRODUCTION

Today, with the increase in energy consumption, increase in 

costs, the exhaustible nature of fossil fuels and the need to 

reduce CO2 emissions, the use of renewable energy systems in 

the network has been widely considered [1]. Among all 

renewable systems, PV array and WT wind turbine have 

received more attention because they generate energy from 

sunlight and wind. In addition, they are silent and require less 

maintenance [2, 3] However, the energy produced by the 

mentioned system strongly depends on weather conditions. 

The fluctuation rate of the production power of the mentioned 

system is based on the rate of change in wind speed and 

sunlight. To solve these problems, PV and WT sources can be 

combined with other power sources using hybrid topology [4]. 

The hybrid system consists of several different sources of 

production, which overcomes the limitations and increases the 

overall efficiency of the system [5-7]. Coordination between 

multiple generators and power management is one of the main 

challenges in the performance of combined systems.  Many 

studies have been done in this field for the control and 

coordination of integrated systems. Some of these studies are 

about different power control strategies of hybrid systems [8-

10]. and some other methods of controlling electronic power 

converters in a combined system have been discussed [11, 12]. 

Ahlstrom et al. presented [13] a strong controller has been used 

to stabilize the frequency in a micro turbine and electrolyzer. 

The use of electrolyzer to reduce power fluctuations in a small 

independent network based on the optimized fuzzy PID 

controller is discussed [14]. In order to create harmony in a 

combined system, the physical and dynamic characteristics of 

each power source should be investigated. In this article, the 

dynamic model of the desired renewable energy sources has 

been fully investigated.  

The mentioned combined system is connected to a network 

by a DC/DC boost converter and a three-phase PWM pulse 

width modulation inverter. Various methods have been 

presented to determine the optimal dimensions of hybrid 

electric energy generation systems in connected and 

disconnected state. In the state connected to the network, the 
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problem is defined as an optimization problem with objectives 

such as the reliability of meeting the joint demand, the annual 

cost and the emission rate of polluting gases, and with the help 

of optimization methods such as linear programming, iteration 

algorithms and meta-discovery methods such as genetics, the 

optimal solution is obtained [15, 16]. During the optimization 

research, the optimal values of the variables that the system 

designer has control over are determined. These variables 

include the composition of the components that make up the 

system as well as the size or amount of each individual 

component. In the state of being connected to the grid, the 

power grid is usually considered as a backup source of energy 

for the system, and minimizing the energy purchased from the 

grid has been the main goal of the research [17, 18]. In case of 

full utilization of the energy sources in the hybrid system, the 

rate of fluctuations of the output power decreases and the 

capacity of the batteries and their charge and discharge cycle 

also decreases. This issue has been ignored in all past studies 

and the effect of hybrid system output power fluctuations on 

network power quality has also been neglected. The system 

costs are defined as an objective function, regardless of the 

energy purchase and sale price, and are optimized along with 

other functions. 

In many areas of research, such as engineering, economics, 

and logistics, where optimal decisions need to be made despite 

the presence of trade-offs between two or more competing 

objectives, multi-objective optimization has been employed. 

Multi-objective optimization issues have more than one goal, 

such as reducing the value of one parameter while increasing 

the value of another. In this research, a new method for 

determining the optimal dimensions of the hybrid system in 

the state connected to the network has been proposed. The full 

utilization of energy resources, the fluctuation rate of power 

injection into the grid and the emission of polluting gases of 

greenhouses are defined as objective functions and each of 

them are optimized using the improved version of the 

optimization method called Non-dominated Sorting Genetic 

Algorithm II (NSGA-II) for short. 

 
 

2. THE HYBRID SYSTEM  

 

2.1 Wind turbine system model 

 

Wind turbine systems, designed by aerodynamic blades, 

convert wind into electricity by mechanical rotation [19, 20]. 

The energy and current of the wind turbine generator at any 

moment depends on the local weather conditions and the 

weight of the turbine blades.  Using this method, the induction 

machine can be considered as state equations with terms of 

phase angle, electromagnetic torque and electric power. In this 

article, a 5 kW turbine is connected to a 5 kW induction 

generator. The mechanical power of the rotor produced by the 

wind turbine is a function of the rotor speed under different 

wind speeds. 
 

2.2 Photovoltaic array 

 

A photovoltaic cell generally consists of a parallel current 

source with a diode [21]. A detailed model of the solar cell is 

presented in the simelectronics toolbox in MATLAB software.  

 

2.3 Fuel cell model 

 

Fuel cells are electrochemical devices that directly convert 

chemical energy into electrical energy. The main structure of 

a fuel cell consists of an electrolyte layer in contact with a 

porous anode and cathode [22]. 

 

2.4 DC/DC boost converter 

 

The role of the DC/DC boost converter is to deliver power 

to the consumer in a suitable form with high efficiency. 

Electronic power converters are used in WT and FC systems 

to convert voltage into DC form in required amounts [23]. 

 

 

3. CONTROL STRATEGY 

 

3.1 Wind turbine control system 

 

When the wind turbine operates at the maximum power 

point, maximum energy is taken from it. The operating point 

of the WT wind turbine can be changed by adjusting the switch 

link of the DC/DC converter. 

 

3.2 Fuel cell control system 

 

The fuel cell power is the difference between the load power 

and the total production power of the wind turbine and the 

solar system. In this article, the fuzzy controller is used to 

regulate the fuel cell converter. According to the reference 

current of the fuel cell, this controller produces a suitable 

control voltage for the PWM modulation block. Finally, 

according to the control signal, the PWM block adjusts the 

boost converter to supply the desired load in any condition. 

 
 

4. FUZZY CONTROLLER DESIGN FOR FUEL CELL 
 

Fuzzy controller is one of the methods of controlling non-

linear systems. Its main feature is the use of linguistic variables 

(more, less, etc.) instead of numerical variables [24, 25]. Fuzzy 

controllers, unlike classic controllers, control the system 

without the need for a mathematical model of the system, 

using the experiences of experts expressed in the form of if-

then rules. In a fuzzy set, each member can belong to more 

than one set. In fuzzy sets, to determine the degree of 

belonging of each member to that set, a quantity should be 

introduced as the degree of membership or the degree of 

membership MA. The membership function MA changes 

between zero and one. The membership degree of zero 

indicates that the member does not belong to that set. The 

degree of membership of one shows that the membership of 

the member to the desired collection is definite and 100% 

relative, and it can change from zero to 100% for different 

elements. 
 

MA: x→[0,1] (1) 
 

The above membership function indicates that the set A 

belongs to a global set determined for a specific problem. 

Fuzzy control generally includes three parts, input, output and 

sets of control rules (Table 1). Fuzzy controller laws in this 

article based on expert knowledge achieved. Genetic 

algorithm has been used to determine the appropriate range of 

all input and output membership functions of the controller 

[26]. 

At first, two strings of code are determined for input or 

output. The first string contains μ(i,j), which is the true value of 
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the center of the fuzzy set. In fact, μ(i,j) represents the center 

point of the j-th fuzzy set of the i-th input or output. The second 

string contains binary numbers l(i,j) that indicate whether the 

corresponding fuzzy set is active or inactive. In other words, if 

l(i,j) is equal to 1, the fuzzy set (i,j) is considered. If l(i,j) is equal 

to 0, the corresponding set is disabled and not considered. In 

the genetic algorithm, two related strands are considered as a 

chromosome. Then, the population of chromosomes is 

generated randomly. Finally, the parameters related to the 

fuzzy controller are specified based on the relevant population 

and are used in each step of the algorithm execution. The 

quality of each pair is determined in the following 

proportionality function. 

𝑓 = ∫  
𝑇𝑠
0

|𝑒(𝑡)|𝑑𝑡 (2) 

Figure 1. The membership function of the first input 

Figure 2. The membership function of the second input 

TS is the total simulation time and e(t) is the error time. The 

algorithm ends when the repetition criterion is reached. Table 

2 shows the genetic algorithm parameters. 

Figures 1 and 2 show the functions of the first input

member e(t) and the second input de / dt of the phase 

controller which is the result of the genetic algorithm. 

Figure 3 is related to the output of the phase controller 

obtained by the genetic algorithm. 

Figure 3. Controller output membership function 

Table 1. Fuzzy rule 

Input 1 (e(t)) 

In
p

u
t 2

 (d
e/d

t) 

VL L Z H VH 

VL VVS VVS VVS VVS VS 

L VVS VS VS VS VS 

Z VS S M L VL 

H VL VL L VL VVL 

VH VL VL VL VVL VVL 

Table 2. Genetic algorithm parameters 

Amount Specifications 

55 Population (P) 

75 Repeat (N) 

55 Upper bound (µH) 

-45 Lower bound (µL) 

5. PHOTOVOLTAIC DELIVERY CONTROL SYSTEM

In order to achieve the maximum power from the 

photovoltaic array, in this article, the phase controller is used 

to track the maximum power. According to Figure 4, dp/dv 

and its slope are the two inputs of the fuzzy controller. When 

the dp/dv ratio becomes zero, the maximum power is obtained 

from the photovoltaic array. 

Figure 4. Maximum power control of the solar array 
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Three indicators are proposed to evaluate the optimal 

performance of the hybrid system be: full utilization of energy 

resources, environmental pollution, fluctuations of power 

injected into the network. 

The annual uniform cost is the limitation of the problem. 

The cost consists of the total costs of the five main parts of the 

system, including photovoltaic arrays, diesel generators, wind 

turbines, batteries, and other system equipment such as 

controllers, inverters, and rectifiers. The second limitation is 

the limitation of the dimensions of resources. The dimensions 

of each energy source is an integer, the minimum of which is 

zero and the maximum of which is 100 for all sources. The 

minimum and maximum charging capacity of batteries is 

considered as the third limitation. 

6. NSGA-II

In this article, this algorithm, which is based on the concepts 

of dominance and ortho optimality, has been used to optimize 

the objective functions. The general chart of how to calculate 

the fitting function and the steps of this algorithm is available 

from the study of Mohammadnezami et al. [7], and the steps 

of this algorithm are briefly described below (Figure 5): 

Figure 5. NSGA-II algorithm flowchart 

The initial population P is randomly generated and the 

archive set P and zero are generated, and the value of the fitting 

function is calculated for each member of the initial population 

and the archive. All members that are not dominated by the 

primary population are moved into the archive, and if the 

archive set is still empty, the dominated members of the 

primary population are used to complete the archive. will find 

with the help of the binary tournament method along with the 

replacement of the archive members, a new population is 

generated and placed in the new archive set by applying the 

mating and mutation operators of the genetic algorithm. 

Finally, if the number of iterations of the algorithm exceeds 

the maximum number of iterations, the optimal solution is set 

equal to a group of non-dominated members who are members 

of the new archive, and the algorithm is stopped, otherwise, 

the archive population is considered as the initial population 

and the algorithm continues. 

7. CASE STUDY

The proposed algorithm has been used to design a hybrid 

system for providing power to an industrial subscriber. Figure 

6 shows two common load demand curves. The joint demand 

is assumed to be the same every day of the year. In order to 

calculate the amount of energy production of solar and wind 

sources from the data of temperature, wind speed and radiation 

of a city available in the study [10]. The dimensions of the 

population and archive in the algorithm are 200 and 50, 

respectively, and the probability of mating and mutation of 

genetic operators is 70 and 20%. 

Figure 6. Industrial common load demand 

8. TECHNICAL AND ECONOMIC ANALYSIS

In the form of two scenarios, with and without considering 

the objective functions, the proposed algorithm calculates the 

optimal dimensions of each of the resources for two hybrid 

wind/photovoltaic/battery and diesel/photovoltaic 

wind/battery systems at the energy purchase and sale price of 

$220 per kilowatt hour and for load demand A doing. It is 

noteworthy that every time the algorithm was executed for 

both scenarios, only one optimal solution was found, which is 

included in Table 3. It indicates that there is no single solution 

that is superior to all others for all objectives; therefore, 

changing the vector of design variables in a Pareto front of 

non-dominated solutions cannot simultaneously improve all 

objectives. This change will undermine at least one objective. 

Consequently, each Pareto solution in that set is inferior to the 

others, but both are superior. Figure 7 shows the answers 

available in the NSGA-II archive for the 

diesel/photovoltaic/wind/battery hybrid system in the second 

scenario. As it is known, only one optimal answer is found. 
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Table 3. Optimal dimensions of each resource for two hybrid 

systems in each scenario 

Hybrid 

System 

Wind/Photovoltaic/ 

Battery 

Diesel/Wind/ 

Photovoltaic/Battery 

Scenario 

Without 

Objective 

Function 

With 

Objective 

Function 

Without 

Objective 

Function 

With 

Objective 

Function 

NDiesel, 

NPV 
0; 33 0; 63 1; 72 1; 84 

NWind, 

NESS 
78; 77 58; 72 100; 88 100; 77 

DL, Em 4.64; 0 3.3; 0 6.1; 3.17 5.9; 3.17 

STD 0.76 0.60 0.36 0.32 

ACS 

(million $) 
3062 3061 275600 275600 

PDiesel, 

PWind 
0; 131.3 0; 114 4.3; 210.4 4.3; 230.3 

PPV, PESS 
39.6; 

108.6 

57.9; 

105.1 

41.7; 

151.8 

152.4; 

43.7 

Pgs (MWh) 279.55 275.53 440.9 432.9 

Figure 7. Answers from the diesel/photovoltaic/wind/battery 

hybrid system archive 

Figure 8. Annual profit of the hybrid system at LCOE 220 

dollars per year 

As can be seen in Table 2, the dimensions of each source 

are different in two scenarios, and in the second scenario, the 

value of each objective function is smaller than the first 

scenario. Despite the Em pollution index for the 

diesel/photovoltaic/wind/battery hybrid system, for both 

scenarios, the algorithm suggests only one diesel source, and 

the majority of the shared load demand is provided by 

renewable sources. For both hybrid systems, in both scenarios, 

the number of batteries has also decreased with the decrease in 

the DL index. The STD power quality index for 

diesel/photovoltaic/wind/battery hybrid system is lower than 

wind/photovoltaic/battery system in two scenarios, and the 

power injected into the grid has also increased. DL and STD 

index are related to the indicator in such a way that when one 

of them decreases, the other one also decreases. 

In Figure 8, the graph of the common annual profit in the 

purchase and sale prices of different energy for the 

diesel/photovoltaic/wind/battery hybrid system is drawn. As it 

is known, if the dimensions of energy resources are estimated 

for the cost price of 225 dollars, the energy price reach the 

break-even point of the hybrid system. The annual profit in the 

purchase and sale prices of energy is 275, 320 and 340 dollars, 

respectively 20, 35 and 50 billion dollars. If the price of energy 

decreases to 172 dollars, the hybrid system will not be 

economical and will result in a loss of about 24 billion dollars 

per year. 

9. SENSITIVITY ANALYSIS

In order to evaluate the behavior of the proposed resource 

model, three scenarios have been arranged. In the first and 

second scenario, the amount of wind speed and radiation has 

been increased by 30%, and in the third scenario, the demand 

of load B in Figure 7 has replaced the demand of load A. The 

dimensions of each source for the 

diesel/photovoltaic/wind/battery hybrid system are calculated 

considering the objective functions and included in Table 4. 

Table 4. Optimal dimensions of each source in three 

scenarios 

Scenario 
Base 

Mode 

Increased 

Wind 

Increased 

Radiation 
Load 

NDiesel, NPV 1, 84 1, 1100 1, 83 1, 84 

NWind, NESS 100, 77 72, 100 100, 100 100, 75 

DL, Em 
5.9, 

3.18 
7.04, 3.18 8.2, 3.17 5.6, 3.18 

STD 0.59 0.85 0.58 0.55 

ACS (million 

$) 
275600 275600 275600 275600 

PDiesel, PWind 
4.3, 

240.4 
4.3, 215.5 4.3, 235.5 4.3, 210.5 

PPV, PESS 
43.7, 

152.4 

43.6, 

175.1 

43.7, 

175.1 

43.7, 

175.1 

Pgs (MWh) 433.9 502.2 448.5 430.7 

As can be seen in Table 5, the number of wind and 

photovoltaic sources has decreased in the second and third 

scenarios as a result of an increase in wind speed and radiation 

intensity as a result of an increase in the production energy of 

wind turbines and photovoltaic arrays. This is due to the fact 

that the number of wind turbines and photovoltaic arrays has 

increased.  Because of the part that the Em pollution index 

plays, the proposed algorithm has only identified a single 

diesel source across all of the different situations. 
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Table 5. Technical and economic parameters 

Parameter Amount Parameter Amount 

𝑷𝑵
𝑫 0.4KW Pricefuel 0.9 $ per liter 

PMPREF 0.130KW ηDA,ηoth 0.99%, 99% 

γPV -0.2%℃ ηdis,ηch 100%, 86% 

DOD 0.9 Vci,Vco,Vr 2.5, 14, and 12 
𝑚

𝑠

Pwt-r 1Kw Battery life 5 years 

𝑪𝒄𝒂𝒑𝒊𝒕𝒂𝒍
𝑷𝑽 1800$ 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

𝑃𝑉 0$ 

𝑪𝒄𝒂𝒑𝒊𝒕𝒂𝒍
𝑫𝒊𝒆𝒔𝒆𝒍 1713$ 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

𝐷𝑖𝑒𝑠𝑒𝑙 0.2 $ per hour 

𝑪𝒓𝒆𝒑𝒍𝒂𝒄𝒎𝒆𝒏𝒕
𝑬𝑺𝑺 42$ 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

𝐸𝑆𝑆 42$ 

𝑪𝒄𝒂𝒑𝒊𝒕𝒂𝒍
𝑾𝒊𝒏𝒅 3100$ 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒

𝑊𝑖𝑛𝑑 100$ 

ƒ, i 
1.6%, 

3.85% 
n 20$ 

The STD power quality index in the third scenario is lower 

than the base case because the load demand curve of B is more 

uniform than that of A. This results in a poorer overall power 

quality. Scenarios 1 and 2 are the most economically feasible. 

10. CONCLUSION

In this research, a new method was proposed to determine 

the optimal dimensions of resources in a hybrid system 

connected to the network. Unlike other articles, this time the 

balance between the system's finished price and the price of 

buying and selling energy was considered as a constraint. 

Three objective functions were mathematically defined in 

order to evaluate the system in terms of full utilization of 

resource capacity, fluctuations of electricity injected into the 

network and emission rate of polluting greenhouse gases. The 

problem was defined as a multi-objective optimization 

problem and solved with the help of NSGA-II. The following 

results can be obtained from technical and economic analysis 

and sensitivity analysis: 

A smaller Dl indicates a better use of the potential of the 

resources in the hybrid system, so that the fluctuations of the 

output power of the resources are less and of course, a smaller 

number of batteries are needed for energy storage. 

The proposed model behaves well for each of the sources 

and the dimensions of each of the sources change correctly 

with the change in the condition of wind speed, radiation and 

load demand. 

The NSGA-II is capable of solving the optimization 

problem and offers only one optimal solution in each scenario. 

With the help of the proposed method and with the certainty 

of the expected annual profit and the purchase and sale price 

of energy to the grid, the LCOE value of the hybrid system can 

be calculated and then the economic dimensions of each 

resource with and without objective functions. 
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