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Summary 
This paper describes the development and the optimization of a 
novel hybrid system (composed of photovoltaic panel, wind 
energy, converters and batteries), connected to the grid. To acquire 
the maximum power, two MPPT commands based on fuzzy logic 
are used. In addition, the control of the battery focuses on 
regulating the DC voltage. A high voltage gain DC-DC converter 
makes possible to increase the voltage supplied by the DC bus 
(24V) to a sufficient voltage for the inverter (aprox. 400V) and 
minimize power losses to ensure the maximum total efficiency of 
the chain. The use of single phase inverter controlled by VOC and 
a LCL filter allows to connect this hybrid system to the AC loads 
and the grid. For validation purposes, the system is modelled and 
simulated using MATLAB/SIMULINK. Results shows that the 
system can appropriately work in the climatic conditions variation 
like the wind speed and the radiation. 
Key words: 
Hybrid systems, renewable energies, batteries, single phase 
inverter, buck converter, high-gain dc-dc converter, bidirectional 
converter, fuzzy logic controller. 

1. Introduction 

Today, much of world’s energy production is provided by 
fossil sources, generating greenhouse gas emissions and 
pollution. The exploitation of renewable energies is 
necessary to reduce this dependency. This paper 
concentrates on distributed hybrid sources: A hybrid system 
of energy provided locally by wind turbines generators 
(WTG), photovoltaic generators (PVGs), assisted by 
batteries in a grid-connected configuration [1], as an 
alternative to standalone applications [2]. For this, power 
converters and control units are needed for power 
management, making possible to provide power reliably, 
extracting the maximum power delivered by PVG and 
WTG. Hybrid system architectures have been already 
studied in the literature: for example in [3] PVG, a WTG, 
converters, a storage source and DC loads were considered. 
The behavior of the Constant Power Load during the failure 
was evaluated, with these renewable power generators 
supplying according to their characteristics. In addition, 
these converters have a limiting stage that restricts the fault 
current of this resource. As a result of the low power of PVG 
and WTG in this hybrid system, the majority of the fault is 
injected from the power grid. The most important 

contribution to the fault current injected by all resources is 
caused by the grid. 
For this purpose, there are several methods of PPM 
prosecution in the literature such as increment and 
conductance [4], method of parasitic capacitance [5] or 
method of perturb and observe [6], etc. They are based on 
the adjustment of the current or the voltage of the renewable 
source according to the variation of the climatic conditions 
and/or of exploitations. However, uncertainties about these 
conditions decreased the efficiency of these methods, 
especially under the variations of the solar radiation, wind 
speed and temperature. 
Artificial intelligence methods like neural networks [7] and 
fuzzy logic [8, 9] have the qualities of adaptive and flexible 
mechanisms, which are able to improve the efficiency of the 
control system in the presence of these uncertainties. Fuzzy 
logic control is used frequently to extract the maximum 
power delivered by PVG [8-11], and WTG [12], as it makes 
possible to easily implement power management rules. 
Moreover, it can work with inaccurate inputs, and does not 
require a perfectly known mathematical model. In addition, 
it is robust and adaptive providing good performance in the 
presence of variation of the system parameters and 
disturbances. 
Besides, to increase the voltage of the micro-grid used in 
the grid connection starting from 24V until 400V, 
conventional boost or buck/boost choppers are the first 
choice for anyone trying to achieve higher output voltages 
than the input [13]. Its converters require higher duty cycles 
to reach higher voltages, which implies large input currents. 
They would increase conduction losses in the MOSFET or 
switching IGBT. As a result, the efficiency of the converter 
is reduced. The peak blocking voltage of the transistor is 
equal to the output voltage. In addition, due to a high output 
voltage and high pulse currents, there is a serious reverse 
recovery problem in the diode of both converters. In 
summary, the parasitic losses, the high voltage on the switch 
and the serious problem of reverse diode recovery make 
both converters unusable for use as high voltage gain 
converters. The second obvious choice would be 
conventional isolated converters [14-16] such as forward, 
fly-back, half-bridge, full-bridge and push-pull converters. 
The voltage gain of these converters depends on the 
transformer transformation ratio or the coupled inductances. 
Therefore, these converters can achieve high voltage gains 
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by using a higher transformer ratio on their transformers or 
coupled inductors. However, these converters consume a 
discontinuous input current, making them unsuitable for 
renewable energy applications such as photovoltaic panels 
and wind turbines. They would need large input filter 
capacitors to be able to operate with renewable sources. In 
addition, the leakage inductance in these converters leads to 
an increase in the voltage peaks on its switches. 
Consequently, the clamping circuits required to protect the 
switches complicate the system design. As conventional 
uninsulated and isolated converters failed in one way or 
another, new high voltage gain DC-DC converters were 
found. The integration of this high gain dc-dc converter into 
renewable energy systems has not been treated in the 
literature, but the conventional converters previously 
presented have been the subject of several studies [17], [18]. 
This contribution is presented as an original work given the 
application of a robust fuzzy logic type control applied to 
this high gain DC-DC converter in order to guarantee robust 
performance with regard to variations in climatic conditions 
(temperature, solar radiation, wind speed) and takes into 
consideration the hybridization of energy sources (PV, wind, 
battery). For this reason, it is possible to use one of high-
voltage-gain dc-dc family converters as the favored 
alternative [19].  
A number of different methods of current control have 
already been proposed to regulate power exchange with the 
single-phase grid while reducing harmonic distortions in 
alternating current, such as hysteresis current control [20], 
[21], voltage orientation control [22], [23] and resonance-
based proportional control (PR) [24], [25], all of which have 
their own advantages and disadvantages. Therefore, the 
voltage orientation control was dedicated to the control of 
the single-phase inverter. 
The paper is structured as follows: Section II presents the 
modelling of the global hybrid system; the strategies of the 
control applied are illustrated in Section III. Some 
simulation results are provided and discussed in Section 4. 
The conclusion appears at the end of this work. 

Nomenclature: 
PVG     Photovoltaic Generator 
WTG    Wind Turbine Generator 
MPPT   Maximum Power Point Tracking 
VOC     Voltage Oriented Control 
       The output current of the PVG 

    The photocurrent of the solar Panel 
      The diode current of the solar Panel 
       The photovoltaic reserve saturation current diode 
        The ideality factor 
       The Botzman Constant 
      The temperature coefficient in current 

        The temperature 

   The reference Temperature 
        The elementary charge in Coulomb 
        The irradiance 

   The reference irradiance 

    The Gap energy. 

2. Modelling of global hybrid system 

Different architectures of hybrid power systems have been 
developed in literature: see for example, [13], [26]-[30]. 
The hybrid system considered here is composed of a 
photovoltaic generator, a wind turbine generator, a battery 
bank (24V), an uncontrolled rectifier, a single phase 
inverter, a filter, two buck converters, a high gain boost 
converter and a bidirectional buck-boost converter 
connected to the grid with an AC load. Fig. 1 shows the 
global hybrid system proposed. 
 

 

Fig. 1  Hybrid local power system 

2.1 Modelling of the photovoltaic source (PVG) 

A photovoltaic panel consists of several modules connected 
in series and in parallel to obtain desired voltages and power. 
Every module is collected of numerous PV cells in parallel 
and in series. A comparison made in [27] between the two-
diode model and the one-diode model under the same 
conditions, shows that the series resistance marks the 
difference between the different models and that the one-
diode model combines simplicity, precision and presents 
the choice that is considered most interesting. Fig. 2 
displays the electrical model of the PV cell, described by 
the current 𝐼𝐼𝑝𝑝ℎ, depending on the photovoltaic irradiation in 
parallel with a diode and the shunt resistor 𝑅𝑅𝑠𝑠ℎ, the entire 
components are mounted in series with the resistance 𝑅𝑅𝑠𝑠. A 
photovoltaic cell is then represented by the following 
equations [9], [13]: 
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Fig. 2  Electric model used for the photovoltaic cell 

For example, some parameters for the PV model used for 
validation are presented in Table 1. 

Table 1: Kaneka G-SA060 values used with MATLAB/Simulink (at 
standard test conditions: 1000W/m^2 & 25°C) [9], [13], [26] 

Parameters of PV Values and units 
Pmax(W) 60.3 W 

Cells per Module 61 
Vpv at Pmax(V) 67 V 
Ipv at Pmax(A) 0.9 A 

Vo(Open Circuit Voltage)(V) 91.8 V 
Is(Short Circuit Current)(A) 1.19 A 

a 2.1922 
Rs(Series Resistance)(ohm) 5.8 ohms 
Rsh(Shunt Resistance)(ohm) 254.8 ohms 

2.2 Modelling of the Wind Source (WTG) 

The wind turbine generator is regularly constructed by a 
stable magnetic synchronous generator. In this work, three 
uncontrolled phase rectifiers are assumed, composed of six 
diodes that implement the AC/DC electric conversion.  The 
characteristic parameters of the wind turbine generator are 
presented in Table 2. 
 

Table 2: The Wind Turbine Generate parameters used in the simulation 
(AIR X Wind Turbine) [13] 

Parameter Value 
Rotor Diameter 46 in (1.15 m) 

Weight 13 lb (5.85 kg) 
Start Up Wind Speed 15.6 mph (7.5 m/s) 

Voltage 24 VDC 
Rated Power 386 watts at 28 mph (12.5 m/s) 

Base rotational speed 1700 rpm 
Initial rotational speed 500 rpm 

Moment of inertia kg.m² 

 Modelling of wind turbine: 
The power provided by the wind turbine can be estimated 
by: 

32),(
2
1

wpturb VRCP ρπλβ=    (7) 

Where R is the radius of the wind turbine, β = 0 is the pitch 
angle, 𝐶𝐶𝑝𝑝 is the power coefficient,  𝑉𝑉𝑤𝑤 the wind speed, and 
𝜆𝜆 symbolize the tip speed ratio defined by: 

w

turb

V
Rw
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Where  characterizes the angular velocity of the 
rotor of the wind turbine. 

 Modelling of PMSG: 

Several types of the wind turbine generator was proposed 
used recently, the most popular one is the PMSG generator 
which is especially used for small ones. The following 
calculations describes the mathematical model of the 
PMSG [12]: 
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The electromagnetic torque is expressed by: 
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The electrical angular speed  depends on the number of 

poles pairs , although the mechanical angular speed

 is given by equation (12). 
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 The three phase uncontrolled modelling of the 
rectifier: 
 The rectifier transforms AC to DC. There are two 
main types of rectifier: controlled and uncontrolled. In this 
case, the PMSG electrical model is presented in Fig.3 where 
it is connected to the three phase uncontrolled rectifier 
composed with six diode. The relations bellow characterize 

the expression of PMSG which is the prompt voltage , 

 which is the DC output voltage and the current : 
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Fig. 3  Equivalent circuit of PMSG with rectifier [26] 

2.3 The Buck Converter modeling 

The buck converter is chosen to allow the reduction of the 
voltage distributed by the PVG and the WTG. Thus, the 
maximum power delivered by each sources should be 
extracted [13]. The electrical model of the buck converter is 
illustrated in Fig. 4 where the current and the DC output 
voltage are presented by the expression (16).  
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Fig. 4  The electrical circuit of the buck converter [28] 

The parameters presented in Table 3 and Table 4 are 
obtained from the PV and the WTG sources of the buck 
converter, respectively. 

 Table 3: Design of the buck converter for the PV generator system 
Parameters Values 

Input Voltage 61 V 
Output Voltage 24 V 

Duty Cycle 0.3998 
Inductance  10 µH 

Input Capacitor 470 µF 
Output Capacitor 470 µF 

Cutting Frequency 30 kHz 

Table 4: Design of the buck converter for the WT generator system 
Parameters Values 

Input Voltage 160 V 
Output Voltage 24 V 

Duty Cycle 0.15 
Inductance  20 µH 

Input Capacitor 470 µF 
Output Capacitor 470 µF 

Cutting Frequency 30 kHz 

2.4 Modelling of the High-Voltage-Gain DC-DC 
Converter 

The renewable energy integration and the energy storage 
need a 400 V DC to connect to the grid. Therefore, a boost 
converter or a buck-boost converter used to increase the 
voltage to 24V to 400V DC would involve a great ratios of 
duty, that fallouts a higher stress devices and lower 
efficiency. Hence, it is possible to use one of high-voltage-
gain dc-dc family converters as a preferred choice [19]. 
Consequently, the electrical circuit of the high –voltage-
gain dc-dc converter is shown in Figure 5. For this type of 
converter, the input power is transmitted to the output by 
the charge/discharge of the capacitors of the voltage booster 
circuit, powered by two input sources. Thus, switches S1 
and S2 each have their own duty cycle. The voltages of the 
circuit capacitors and the output voltage are simplified as 
indicated in the relationships (17), (18), (19), (20) and (21), 
respectively [19]. 
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The proposed converter is powered by a single input source. 
For this reason, the switches S1 and S2 have the same duty 
cycle and are shifted 180 degrees from each other. The 
voltages of the circuit capacitors and the output voltage are 
simplified as illustrated in equations (22), (23) and (24), 
respectively. 
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The relations that express the output voltage and the 
inductances of the selected converter are given in equations 
(25) and (26), respectively. 
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Fig. 5  The electric circuit of the high –voltage-gain dc-dc converter [18] 

2.5 Modelling of the single phase inverter 

Different types of inverter can be used to integrate the 
renewable energy to the grid [32]. In our work, the single 
phase inverter was composed by four IGBT, which makes 
the DC/AC electric conversion. The electrical model of the 
inverter is displayed in Fig. 6. 
 

 

Fig. 6  The electric circuit of the single phase inverter [32]. 

2.6 Modelling of the LCL filter 

Generally, there are four different types of filters; L filter, 
LC filter, LCL filter and LLCL filter [20]. It is preferred to 
choose in this work the LCL filter, which provides a high 
attenuation beyond the resonance frequency and give a 
better decoupling capability between the filter and the grid 
impedance.  The electrical model is presented in Fig. 7. 
 

 

Fig. 7  LCL filter design [20] 

2.7 Modelling of the Battery (Lithium-Ion) 

Several types of batteries are used in this kind of hybrid 
systems [34]. Table 5 recapitulate the technical parameters 
of the lithium-Ion battery used in this work. 

Table 5: Parameters of the battery used in the simulation (lithium-Ion) 
[34]: 

Parameters Values 
Nominal Voltage 24 V 

Maximum Capacity 100 Ah 
Cut-off Voltage 18 V 

Fully Charged Voltage 27.9 V 

3. Control strategies of the hybrid system: 

3.1 The Maximum Power Point Tracking (MPPT) of 
the PVG and WTG: 
Recently, different approaches used to control the 
maximum power supplied by renewable energy sources 
have been presented in the literature. The conductance and 
incremental method is frequently applied in photovoltaic 
and wind power systems [4], [34], [35]. It tracks the MPP 
by comparing the instantaneous and incremental 
conductance of the source under examination. The question 
of the conductance and incremental method is similar to that 
of perturbation and observation. A fixed step size is usually 
adopted, which specifies the accuracy and speed of the 
MPPT response. In this technique, the term 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 is compared 

to − 𝑑𝑑
𝑑𝑑
. The maximum power point is achieved when this 

difference is zero. 
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As a result, to examine the running of one of the renewable 
energy sources (photovoltaic or wind) and the power at load, 
the following inequalities are proved: 
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Therefore, the proposed control combines the incremental 
and conductance method and fuzzy logic in a fuzzy 
controller, taking into account the direction of the variation 
of the disturbances. Based on the previous equations of the 
incremental and conductance technique, we have: 
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This equality shows that the renewable energy source 
(photovoltaic or wind) is at its maximum power value. This 
equality is used to design our fuzzy controller whose inputs 
are: 

dV
dI

V
IkE +=)(      (36) 

)1()()( −−= kEkEkdE     (37) 
 
The Fuzzy logic control based on the incremental and the 
conductance is one of the most known techniques of the 
MPPT [8]. It makes possible to consider current and voltage, 
to calculate the command that maximizes the use of local 
power sources. The fuzzy logic controller model simulated 
under MATLAB/SIMULINK software is presented in Fig. 
7.  
Triangular membership functions for the fuzzification and 
defuzzification process are used. For the two inputs and the 
output of each source, 5 belonging functions have been 
identified according to the following linguistic variables: 
Large negative (GN), negative (N), zero (Z), positive (P) 
and large positive (GP). Fig. 8 and Fig. 9 describes the 
degree of membership function obtained on the input and 
the output of the PV and the WTG, respectively. 
 

 

 Fig. 7  Simulink model of the fuzzy logic controller  

 

Fig. 8  The membership function of input and output of PV: (a) dE, (b) E 
and (c) Duty cycle. 

 

 

Fig. 9  The membership function of input and output of WTG: (a) dE, (b) 
E and (c) Duty cycle. 

3.2 Charge and Discharge Controller for the Battery 

The procedure used on the control of the battery consist on 
charging and discharging the battery until maintaining a 
constant value of the DC bus. The model of the battery 
controller is illustrated in Fig. 10. 

 

Fig. 10  Control of the battery using the charge and discharge strategy 

The value of parameters PI is illustrated in table 7.  

Table 6: Parameters of PI  
 Ki Kp 

Voltage 5 0.01 
Current 0.8 0.2 

3.3 The Strategy Control of the High-Voltage-Gain 
DC-DC Converter 

The control of this converter in literature is mainly based on 
PI controller [18], but, in this work this converter was 
controlled based fuzzy logic. For inputs and outputs, seven 
membership functions have been defined for the 
fuzzification and defuzzification process based on the 
following linguistic variables: Grand negative (GN), 
negative (N), negative small (NS), zero (Z), positive small 
(PS), positive (P) and grand positive (GP). Fig. 11 presents 
the membership function degree of the different inputs and 
outputs. 
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Fig. 11  The membership function of the input and output of the high-
gain dc-dc converter: (a) dE, (b) E and (c) Duty cycle. 

3.4 The Single Phase Inverter Strategy of Control 

To regulate the power exchange with the single-phase grid 
while reducing harmonic distortions in the alternating 
current, the voltage orientation control was used to control 
our inverter. Fig. 12 describes the VOC control diagram. 
 

 

Fig. 12  The diagram of the VOC controller 

The parameters value of the PI used to vary the voltage and 
the current inserted to the grid are demonstrated on Table 8. 

Table 7: Different values of parameter PI 
 Ki Kp 

Voltage 200 12 
Current 6.6 0.15 

PLL 3200 180 

4. Simulation results and discussion 

In order to justify the suggested strategies of the hybrid 
power system and demonstrate its efficiency, the software 
MATLAB/SIMULINK was used for the simulation. The 
global system contains the PVG composed by four PV 
module connected in parallel, WTG (400W).  All the 
sources are associated to the buck converter and the battery 
with the bidirectional converter. This hybrid system is 

related to the high-gain dc-dc converter attached to the 
inverter, the filter, the AC load and finally the grid 

4.1 Simulation results of the PVG 

The photovoltaic generator is associated to the buck 
converter, controlled by MPPT based on fuzzy logic 
controller. During the simulation, the photovoltaic radiation 
varied between 700W/ 𝑚𝑚2  and 1000W/ 𝑚𝑚2 , with a 
temperature of 25°C. The role of the buck converter consist 
on the decreasing of the voltage to 24V and the extraction 
of the maximum power delivered by the PVG during the 
variation of the photovoltaic radiation. The command of 
fuzzy logic based on the incremental and conductance 
works very well and assure the PPM tracking with all 
variation of climatic conditions. It also operates with a good 
precision and rapidity. Fig. 13 presents the profile of the 
radiation, the power and the duty cycle obtained from the 
PVG. 
 

 

Fig. 13  The variation of the duty cycle, the power and the radiation of 
the PV 

4.2 Simulation results of WTG 

The WTG (wind turbine generator) is composed by the 
wind turbine and the PMSG allied to the uncontrolled 
rectifier, associated to the buck converter and controlled by 
the fuzzy logic controller, based on incremental and 
conductance. The role of the buck converter is to decrease 
the voltage to the desire value 24V and ensure that the WTG 
to provide the maximum power Fig. 14 shows the 
proportional variation between the wind speed (which is 
artificially changed in steps, to show the adaptability to 
quick wind fluctuations), the duty cycle required at the 
power converter, and the output power of the WTG. 
Therefore, the MPPT makes possible to extract the 
maximum power without big variations in the power, 
despite the important deviations of the wind speed. 
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Fig. 14  Variations of wind speed, duty cycle and output power to show 
robustness to quick wind variations 

4.3 Simulation results of the hybrid power system 

Fig. 15 shows the simulation results of the output powers 
that are delivered by PVG, WTG and battery, and the result 
(power injected in the Bus DC). It can be seen that the 
charge and discharge of the battery is correctly regulated, 
utilizing the difference between the power provided by the 
renewable sources and the power injected in the Bus DC. 
 

 

Fig. 15  Simulated output powers delivered by the battery, the PVG, the 
WTG and the Bus DC 

The battery is controlled to maintain a constant voltage of 
the DC bus. It can be observed that the voltage value is 
correctly regulated between 22V and 24V, despite the 
significant variations of wind speed that are simulated. The 
results of the output power, the current and the voltage of 
the DC Bus are presented in Fig. 16. 

 

Fig. 16  The output power, current and voltage of the Bus DC. 

In order to establish the connection of the hybrid system to 
the greed, a current of 400 V should be delivered in the input 
of the inverter. To achieve this, a high-voltage-gain dc-dc 
converter is used which allows to improve the voltage from 
24V to 400V. Fig. 17 illustrates the output voltage, the 
current and the power of the converter profiles. 
 

 

Fig. 17  Profiles of the outputs voltage, the current and the power of the 
high-voltage-gain dc-dc converter. 

The required value of the output voltage of the converter is 
obtained with small current ripples. It is pointed out that the 
voltage value is well regulated at the preferred value of 
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400V. Fig. 18 presents the obtained results of the duty cycle 
variation of the high-gain dc-dc converter. 
 

 

Fig. 18  Variation of the duty cycle of the high-voltage-gain dc-dc 
converter. 

Fig. 19 shows the results of the alternative voltage and the 
current injected to the grid and required by the AC load. 
 

 

Fig. 19  The profile of I_grid, V_grid, I_inv and I_load. 

Results shows that the sum of the current desired by the AC 
load and the current injected to the grid is efficiently equal 
to the current provided by the system of the hybrid power. 
The synchronization of the voltage and the current injected 
to the grid are presented with details in Fig. 20. 

 

Fig. 20  The Voltage and the current injected to the grid. 

5. Conclusion and Perspectives 

The modeling and the control of a hybrid power system 
connected to the grid, to power an AC load have been 
developed in this paper. A control strategy based MPPT 
fuzzy logic control using the (incremental and conductance) 
algorithm is used to extract the maximum power obtained 
from the PVG and the WTG sources. Besides, a fuzzy logic 
control that provide constant DC-link voltage in the output 
of the high-gain dc-dc converter was presented. To control 
the single phase inverter an VOC is included. To charge and 
discharge the battery two PI controllers are proposed: the 
first one to regulate the voltage of the Bus DC, and the 
second one to regulate the current. The integration of a high 
voltage gain DC-DC converter makes possible to increase 
the 24V voltage supplied by the DC bus to a voltage 
appropriate for the inverter of about 400V and reduce power 
losses to ensure maximum efficiency of the hybrid system. 
In addition, the novel design presented in this work reduces 
the requirements on the sources used.  
A comparison of the results obtained with the proposed 
approach and those presented in [3] is presented: it is noted 
that the voltage drop of the proposed system is lower similar, 
with a similar generated current. With the proposed models, 
the accuracy of studies on the hybrid power system will 
improve, in particular in the effect of variations of the 
climatic parameters, as well as the characteristics of 
different converters in the system. 
As work perspective, a method for integration of the 
bidirectional inverter used for charging of the battery from 
the grid when there is lack of energy will be studied. 
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