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Abstract  Renewable energy production sources became very attractive in recent years due to environmental 
problems and their enormous potential. Many studies have been done on these systems alone and combined 
operation. Among these combined systems, a particular attention is made on the combined PV-Wind system in the 
literature due to the great sources complementarity and the resource availability in tropical countries as in Mali. 
Nowadays, PV-Wind system hybridization is an alternative solution to traditional and nuclear energy sources which 
are the most used to cover the worldwide energy consumption. This system represents an economic and 
environmental option. Their complementarity improves the service quality compared to PV or wind power single 
system. A maximum power point tracking controller is required for the electrical power generation profitability. This 
controller must take into account the sources of intermittent nature and the random variations of climatic parameters. 
The fuzzy logic controller operates with imprecise input values and can deal with nonlinear equations. This paper 
presents energy sources modeling and simulation results on fuzzy logic improving (FLI) for hybrid PV-Wind system 
power optimization. Firstly, a model of each generator is developed and the fuzzy logic rules are defined. Secondly, 
these models are designed under Matlab/Simulink in order to study their behavior in simulation. Finally, a 
comparative study is realized between the proposed control and the fuzzy logic controller (FLC) using a fixed gain. 
The obtained results show the proposed method effectiveness compared to FLC in terms of power optimization and 
oscillations damping after perturbation. 
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1. Introduction

The electrification rate in Mali is estimated at 42% of
national coverage to 2017 [1]. As a result, it will be 
interesting to develop renewable energy systems, such as 
photovoltaic or wind which are very interesting for 
countries like Mali. Photovoltaic or wind power system 
produces energy according to the daytime, season and 
geographical location.  

The combination of two complementary renewable 
generation sources (photovoltaic and wind) with energy 
storage can achieve higher yields compared to a single 
energy source [2]. Both of these energy sources are 
subjected to fluctuations in energy production due to their 
intermittent nature [3].  

Power optimization algorithms can be classic 

(perturbation and observation P&O, conductance by 
increment IC, optimization by particle test PSO...) or 
intelligent (artificial neural network ANN, fuzzy logic 
FL ...). The first group of algorithms is easy and simple to 
implement, but, in permanent regime they present 
oscillations around the maximum power point and a slow 
dynamic compared to random disturbances [4,5,6]. In the 
second group, the neural network requires a slow learning 
time and regular revision [7]. This behavior is unsuitable 
to fast and aleatory dynamic systems. The Fuzzy logic 
operates with imprecise input values and can deal with 
nonlinear equations [7]. This fact is interesting for hybrid 
system optimization comprising nonlinear sources 
subjected to random constraints. For these reasons, several 
studies have been carried out to improve the fuzzy logic 
control efficiency. The authors of [8] have designed an 
artificial neural network with fuzzy logic to optimize the 
hybrid system production. The obtained results of this 
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technique are compared to those of a fuzzy logic 
controller and an artificial neural network. These results 
are encouraging, only, the proposed model is very 
complex and the neural network requires a slow learning 
time and regular revision. In [9,10], the authors have used 
the PI controller with fuzzy logic to control the voltage of 
isolated micro-grids. The results show that the PI-Fuzzy 
controller regulates more than the voltage compared to PI 
and classic Fuzzy Logic. The authors of [11] have 
combined the firefly theory with fuzzy logic for PV-wind 
system optimization. The firefly theory used requires a 
learning and adaptation long time that can reduce the 
controller performance for systems with fast dynamics 
such as wind turbines. In paper [12], the authors have 
added a fixed gain to fuzzy logic to optimize a hybrid 
system and the authors of [13] have shown that by 
associating the fuzzy logic to a gain which varies 
according to the control error, we can improve the system 
performance. The obtained results in [13] showed that this 
technique improves the fuzzy logic behavior, but it is only 
applied to a PV system. The actual challenge being to 
increase the renewable energy production, it will be 
interesting to study and analyze the combination of 
developed techniques in [12] and [13] on hybrid PV-Wind 
system optimizing. 

In this article, we propose an improved fuzzy logic (FLI) 
control to optimize a PV-wind hybrid system power. The 
proposed FLI combines the improved techniques 
developed in papers [12] and [13] in order to increase 
more the fuzzy logic effectiveness. The results obtained 
via the technique will be compared to those obtained by 
the fuzzy logic technique in [12]. 

The rest of this document is organized as follows: a 
hybrid system modeling is presented in section 2, in section 
3, a fuzzy logic theory is described and in section 4, a 
comparative study is realized in order to highlight the 
proposed technique performance compared to FLC 
developed in [12]. Finally, a conclusion is given in section 5. 

2. Methology 

2.1. Photovoltaic Modeling 
The PV cell can be modeled from an electrical circuit, 

where the cell is represented by a current source, one or 
two diodes and two resistors one of which is connected in 
series and another in parallel. The most commonly used 
model for the PV cell is the equivalent circuit to one diode 
which is illustrated by Figure 1. 

 
Figure 1. PV equivalent circuit to one diode [14,15]  

The produced current at the PV cell output and the 
terminal voltage is given by equations (1) and (2). These 
equations are given by [16,17]: 
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Where: IPV is PV current, IPH is Photocurrent, Is is 

saturation current, Rs is Serie resistance, Rp is Shunt 
resistance, V is Output voltage and VT is Thermal voltage. 

2.2. Wind Turbine Modeling  
The wind generator is composed of a horizontal axis 

turbine coupled directly to a permanent magnet 
synchronous generator (PMSG). Although the wind 
turbines drive generally the asynchronous generators, the 
PMSG is advantageous in terms of energy conversion 
efficiency and the generator excitation simplicity. For 
these reasons, we use the PMSG in this study. The global 
conversion chain is represented in Figure 2. 

 
Figure 2. Wind power conversion chain [7] 

Wind turbine modeling must take all the conversion 
chain components into account, especially the wind 
turbine aerodynamic model, the mechanical drive model, 
the generator and power converter models [6]. 

The wind turbine transforms the wind kinetic energy 
into mechanical energy. It is modeled by its extracted 
power for equation (3). 

The PMSG mathematical model is given on the 
following assumptions basis: 
⦁  The saturation absence in the magnetic circuit; 
⦁  Hysteresis phenomenon is neglected with Foucault 

currents and skin effect; 
⦁  The encoding effect is negligible; 
⦁  The windings resistor does not change with 

temperature. 
The PMSG is governed by the following dynamic 

equations (4). These equations are given by [7,18,19,20,21]: 
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Where: P is power, Cp is power coefficient, 𝜌𝜌 is Air 
density , J is Inertia , Cem is Electromagnetic torque ,Cr is 
Resistant torque, Rs  is stator  resistance, ω is Rotational 
speed, t is time, φ  is Flux generated by permanent magnet 
and Vds , Vqs , ids , iqs , Lds , Lqs are voltage, current 
and inductances  of stator axe d and q. 

2.3. Boost Converter Modeling  
For an effective adaptation of the PV and the other 

systems, a DC-DC converter has been applied. The control 
of this converter is strictly maintained to ensure a constant 
DC voltage level [22]. The boost converter associated 
with electrical circuit is depicted in Figure 3  

 
Figure 3. The boost converter’s electrical mode [17] 

The DC bus voltage (output voltage) is expressed by a 
function of the PV voltage, such as: 
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With d is the duty cycle (d pv or d Wind ). 

2.4. Fuzzy Logic Theory 
Fuzzy logic theory allows only to make modeling and 

rigorous process of imprecise uncertain and  
subjective information, but also the nonlinear functions 
approximation.  

 
Figure 4. Fuzzy MPPT controller structure [23] 

This technique is designed as follows.  
The fuzzification interface allows the real world to 

fuzzy world passage. This is the first step of problem 
treatment by fuzzy logic. It consists of modeling each 
system inputs by curves giving the belonging degrees to 
different identified states. Generally, we use triangular and 
trapezoidal belonging functions due to their capacity to 
facilitate the fuzzification step and the computation time. 

The rules interface allows the data processing. The 
fuzzy control system comprises a number of rules linking 
fuzzy sets (based on the logic rule) having the form “if-
then”. 

The defuzzification interface allows the fuzzy world to 
real world passage. The output variable is computed from 
the belonging degrees. The most used defuzzification 
strategies are: the Maximum Method, the Average 
Maximum Method, the Gravity Center Method and the 
Weighted Heights Method.  

Figure 5 present the structure of the proposed fuzzy 
MPPT controller. It has two inputs and one output. The 
two input variables of fuzzy controller are the error (E) 
and the error variation (dE) which is taken at each 
sampling step. The output variable (d) represents the duty 
cycle increment. The coefficients K1 and K2 are in table 1. 

 
Figure 5. Diagram of the Fuzzy technique 

Table 1. Parameters of controllers 

Gain PV Wind 
K1 0.4 0.1 
K2 0.4 0.8 

The two inputs E and ΔE for the PV generator are 
defined by equations (5) and (6). These equations are 
given the [24]. 

The two inputs E and ΔE for the wind generator are 
defined by equations (7) and (8). These equations are 
given by [25]: 
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Figure 6 and Figure 7 show respectively the Belonging 

functions for PV and for Wind turbine. Figure 8 represents 
the hybrid system.  

 

a: input E 
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b: input 

 

c: output d 
Figure 6. Belonging functions for PV 

 
a: input E 

 

b: input dE 

 

c: output ( d ) 
Figure 7. Belonging functions for Wind 

 
Figure 8. Diagram of the hybrid system  

3. Results and Discussion 

The PV and wind generators models are simulated 
under MATLAB/Simulink environment. Simulations are 
performed with two decentralized controllers, one for each 
hybrid system source. 

The wind speed which is the input element of wind 
turbine varies from 5 m/s to 6 m/s after 4s. 

After 4s, the PV system input element which is the 
irradiation varies from 750 to 700 W/m2. 

The obtained simulation results are represented in 
Figure 9 and Figure 10. 
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b: Coefficient of power 

 
c: Powe 

Figure 9. Wind turbine curves 

 

a: Irradiation 

 

b: Power 

 

c: Zoom on power 
Figure 10. PV curves 

The electrical power and the power coefficient curves 
for wind turbine are shown in Figure 9. It is noted that the 
wind speed variation generates a wind turbine power 
variation which increases from 1.5 to 3.85 KW with the 
FLI controller and from 1.4 to 3.7 KW with the FLC. 
These obtained results show that the proposed method 
(FLI) compared to FLC allow to optimize the wind turbine 
power with an efficiency around 4.7 %.  It is noted that 
this result is higher than the obtained results by O. 
Zebraoui & al in 2020 and A. Borni & al in 2021 which 
have obtained respectively, 0.11% with hybrid FL-HCS 
controller compared to the LF and 7.14% with hybrid FL-
PSO compared to the FL-GA. 

The PV generator power and the power zoom are 
shown in Figure 10. The transient regime after the 
irradiation perturbation presents some oscillations which 
are better damping by the FLI compared to FLC. From 
obtained results, the proposed FLI presents an 
improvement of 0.2% compared to FLC. This result is the 
same of that obtained in H. Othmani & al works in 2015, 
except that authors compared the FL controller to the 
classical method P&O. It is higher than the obtained result 
by O. Zebraoui & al in 2020 which have compared the 
controller FL-HCS to the FL with improvement of 0.12%. 

The table 2 summarizes and compares the performance 
of controllers. Globally, the proposed FLI method allows 
a net optimization whatever the wind turbine power and a 
lower optimization for low PV power which can be 
significant if the PV power achieve the megawatt.  

Table 2. Transient response of the Wind controllers 

Performance 
Indicator 

Wind PV 
FLC FLI FLC FLI 

Rise Time 5% (s) 0,5 0,5   
Settling Time (s) 0,9 0,75 2,2. 10-3 2,0. 10-3 
Overshoot (%) 5,7 3,48 6,48 5,32 
 
Besides the optimization criterion, we have analyzed 

the proposed method of performance compared to other 
technique in literature following the settling time. This 
comparative result is illustrated in table 3 and table 4. 

We note that the proposed controller of the wind 
turbine improves the settling time by 25% and 58% 
compared to certain CMPN_FL and FL correctors 
respectively used in the works of Soliman & al 2019 and  
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Mahmoud & al 2022. For the PV system, the proposed 
controller improves more than 73% the settling time 
compared to the obtained results in the Fuzzy Logic power 
optimization work carried and Aiswarya & al 2020. 

Table 3. Wind 

Reference methods MPPT 
Technique Settling Time (s) 

Mahmoud al 2022[26] FLC 2,19 
Soliman al 2019[27] CMPN-FLC 1,2 

Proposed method FLI 0,9 

Table 4. PV 

Reference methods MPPT 
Technique Settling Time (s) 

Aiswarya al 2020[28] FLC 0,0075 
Proposed method FLI 0.002 

4. Conclusion 

In this study, we have proposed a fuzzy logic 
improvement for PV-Wind hybrid system power 
optimization. First of all, a mathematical model of each 
generator is proposed, then, a set of rules are defined for 
the inputs and outputs of an improved fuzzy logic. Finally, 
the proposed FLI and the FLC are applied to the PV-Wind 
hybrid system designed and simulated in Matlab/Simulink 
environment. The obtained comparative results have 
proved that the proposed FLI is better than FLC in terms 
of optimization power and damping oscillation after 
perturbation. The power improvement of proposed 
controllers is of 4.7% for wind turbine and 0.2% for PV 
system. Our proposed controller improves also the sources 
dynamic response with a settling time of more than 25% 
compared to some optimizations in the literature. From 
these results, we can conclude that the proposed FLI 
improves the power optimization regardless the wind 
turbine power and can be interesting only on the PV 
system at great power. 

Nomenclature  
FLI Fuzzy Logic Improving 
FLC Fuzzy Logic Controller 
PV Photovoltaic 

P&O Perturb and Observe 
PSO Optimization by Particle Test 
IC Incremental conductance 

ANN Artificial Neural Networks 
HCS Hill Climbing Search 
GA Genetic Algorithm 

FL-PSO Fuzzy Logic - Particle Swarm Optimization 
FL-HCS Fuzzy Logic -Hill Climbing Search 

CMPN-FLC Continuous Mixed P-Norm-Fuzzy Logic 
Controller 

DC Direct Current 
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