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Abstract

Objectives: The objective of this study deals with the optimization of extracting the ultimate power from a PV panel
by means of the fuzzy-MPPT algorithm. Methods/Statistical Analysis: The methodological framework, in this paper,
is based on a fuzzy logic controller which tracks the maximum power from a boost-based PV system. This approach is
used to enhance its dynamic response under varying irradiations and temperature conditions. Numerical simulations and
practical experiments results are carried out to highlight the tracking control performance and the advantages of the fuzzy-
MPPT compared to a P&O as one of the most widely conventional methods. The fuzzy logic strategy provides better and
reliable control for this application under different variations on climatic conditions. Findings: The findings achieved are
experimental tests showed that for the same weather conditions; the produced PV power by the P&0O-MPPT algorithm is
14% less than the power produced when the fuzzy algorithm is used.

Keywords: DC-DC Boost Converter, dSPACE1104, Fuzzy Logic Controller (FLC), Maximum Power Point Tracking (MPPT),

MATLAB/Simulink, Photovoltaic (PV)

1. Introduction

The scarcity of energy resources and environmental issues
associated to it like increasing environmental pollution
and global warming has sparked interest in the renewable
energy. As one form of renewable energy, Photovoltaic
solar energy can help overcome these problems. A great
attention has been drawn towards solar photovoltaic sys-
tems in research. The application of solar power ranges
from residential, vehicular, and commercial to military
purposes.

Furthermore, more research work has been focused
on maximizing the energy produced by the PV systems
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through improving MPPT structures such way to boost
the effectiveness of the solar photovoltaic systems.
Environmental conditions, namely changes in cell
temperature, sunlight incident angle, solar irradiation,
and load condition act on the production of the solar
power by the photovoltaic cells. The maximum power
point tracking is a prominent element in the control
design for PV production. The nonlinearity nature of the
I-V characteristic of the solar cell as long as the unpre-
dictable variations of the environmental conditions deal
with MPPT as a nonlinear control problem. Therefore,
MPPT algorithms are crucial to maintain operation
of the PV array at its MPP'. A huge number of MPPT
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algorithms have the necessity to amplify the production
of energy mainly the incremental conductance method
as well as the perturb and observe method, which, are
the most accepted in usage?. In both techniques, the duty
cycle command requires dynamic step size to ameliorate
the transient response of the system?.

It’s therefore needed to introduce some artificial intel-
ligence based techniques for instance (fuzzy logic, neural
network)**, sliding mode’and genetic algorithms®, to
demonstrate their high efficiency on terms of stability and
response time. Fuzzy logic has the advantage of being a
robust and fast controller which is implemented in order
to reach the peak power point. In fact, the slope of the
Power-Versus-Voltage (P-V) curve of the PV cell char-
acteristics curves and change of this slope are the most
widely adopted input variables for the MPPT algorithms,
the output is a duty cycle or its variation'®2,

Some of the previous studies have either selected P-V
slope and variation of power A (Ppv), or the variations
of power and voltage (A (Ppv) and A (Vpv)) as the input
variables. While in other studies, the variations of power
and current (A (Ppv) and A (Ipv)) are adopted instead'.
Another investigation has selected the incremental con-
ductance method used conductance and increment of
conductance as the fuzzy input variables for MPP evalua-
tion'”. In a reported fuzzy MPPT algorithm, the sum of the
arctangent of the conductance and arctangent of the con-
ductance increment are considered as the input variables'.

In this study, the new technique, which based on
fuzzy logic, is presented. In order to improve its dynamic
response under different operating conditions and assure
fast convergence to MPP, this technique is inducted in
the proposed MPPT. S (k), A S (k), Vpv and variation
of duty cycle A U (k) are the inputs parameters of the
proposed controller. These parameters used to deter-
mine the most important increment which is added to
the operating voltage in order to get a fast pursuing of
the MPP. The performance indicators which character-
ized the proposed strategy are assessed by MATLAB/
Simulink. It is then experimentally implemented under
varying meteoric conditions like variation in solar irra-
diance. dSPACE carte real time control is used for the
implementation of the MPPT hardware setup. Data
acquisition and the control system are implemented by
using the dSPACE 1104 software.

Section 2 in this paper presents the stand-alone pho-
tovoltaic system which consists of a photovoltaic panel
connected to a boost converter for providing solar energy
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to a resistive load. To track the MPP of the PV system,
an MPPT method based on a fuzzy logic is dealt with
in Section 3. The obtained simulation results using the
MATLAB/Simulink are given to evaluate the perfor-
mance of the optimized fuzzy controller in terms of speed
and accuracy, while in Section 4, an experimental imple-
mentation of the MPPT algorithm is presented where
data acquisition and the control of the proposed fuzzy
MPPT method are achieved by dSPACE 1104.The final
section concludes the work.

2. Photovoltaic System

Before proceeding to develop our control, we present the
modeling of different components of PV system.

2.1 PV model and these Characteristics

The efficiency of PV modules relies on the material used
in solar cells and how well cells are arranged to form a
module. The effectiveness can drop further due to other
factors see PV module temperature and load conditions.
In fact, for further understanding the analysis, a resistive
load was considered in this study.

In general, when a PV module is directly con-
nected to a load, the operating point is seldom the MPP.
Consequently, a power conversion system was needed to
adjust the energy flow from the PV array to the charge.
The evolution of the generated power curves as a function
of voltage are shown in Figures 1 and 2, respectively, for
a given constant irradiation and different values of tem-
perature and then for a given constant temperature and
different values of irradiation. In fact, the operating point
can be adjusted by shifting the values of the resistive load.

50

2rc
50°C
65°C

0 5 10 15 20
Vpv(V)

Figure 1. P-V power curves with different T (G=1000w/m?).
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Figure 2. P-V power curves with different G (T=27°C).

For modeling a photovoltaic module, a photovoltaic
cell must be initially established as depicted in Figure 3.

Ipv

ID

Iph [] Rsh Vpv

Figure 3. Equivalent circuit for PV cell.

The electrical equivalent circuit of the PV cell con-
sists of a current generator, in parallel with a diode and
connected to a serial resistor, namely Rs and a shunt resis-
tance, namely Rsh.

The PV cell model is described by the following equa-
tions'>2%:

V. +RI V. +RI
1,=1,—1|exp| 2—— |1 |- 22— (1)
th Rsh

_ mKT
q

m is the number of cells that are electrically connected
in series so as to provide the desired power and voltage,
Kis the

V. (2)
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Boltzmann’s constant, T the absolute temperature and
q the electronic charge.

The expression of the generated current which
depends on solar radiation (G) and temperature (T) is
given by the following equation®**:

1,=[1.+K(T-T)]— (3)

PR

0
qV..
exp| —= |-1
p( KT )

G.,T are respectively the reference solar radiation
and temperature of the cell. V,, K, are respectively the
thermal voltage and the coefficient temperature of the
short circuit current. ¥ is the open circuit voltage, 1,
is the short circuit current,

1 o Tepresents the light current (A).

(4)

I o that represents the diode reverse saturation cur-
rent.

2.2 DC-DC Boost Converter

The boost converter is shown in Figure 4.
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Figure 4. Structure of photovoltaic system.

The great importance that the dc converters have gained
in many domains, it started from low to high-powers
applications.

In this study, a boost -converter is selected to play
two major tasks; it regulates the fluctuating input voltage
coming from the PV panel and assumes the tracking of
the maximum power point by the adjustment of the duty
cycle.

The solar power generation system under study con-
sists of a photovoltaic panel feeding into a resistive load
through a boost converter. Figure 4 shows the boost-based
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PV system equivalent circuit. The system’s average model
is given in Equation (5).

ﬂzﬁll+LVV_Q+(R,,—R,")IL+VD+VBM
dt L " L7 L L (5)
dv, 7
'""=_LIL+ v
dt C1 Cl1
AV, 1,1,

ar  Cc2 ' RC2 " 2"

WhereV/, and [ are the PV panel voltage and cur-
rent. L, Rb and / , are the self-inductance, resistance and
current. R is a resistance characterizing IGBT losses. C1

,C2,V,and Vjare respectively the input capacitance,
the output capacitance , the diode forward voltage and
the load voltage, u is the control input. Considering the
PV current as an exogenous input, we get the following
state representation (6).

dr v,
—= EAR . (R, =R, I, +Vp+V, -2
@ A z
v, 1 : ,
S o | ——00 vV, |+| 0 u+| £ (6)
dt 1 1% 7 1
dav, 1 g _ L o
dr c2 R, C2 c2

Control of the boost converter switch is achieved by
an MPPT controller that will assure the variation of the
duty cycle of the converter in order to extract the maxi-
mum possible power from the PV array. The output
voltage of the boost which is also the voltage across the
load, obtained by the MPPT algorithm is described by
Equation (7).

1
Vout = —Vin (7)
1-D
D is the duty cycle of the converter.

2.3. MPPT controller

The design of MPPT controllers seems an intriguing sub-
ject due to the nonlinearity of DC-DC converters and
PV modules. Almost, the controller generates a reference
voltage to a Pulse Width Modulation (PWM) genera-
tor, which provides the appropriate pulses®. In this way,
we should have recourse to such important converter in
order to ensure that the PV source operates at its maxi-
mum power point, as depicted in Figure 5. In fact, this
maximum power point can only be reached by adjusting
the derivative dP/dV toward zero*%.
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According to defined parameters (G, T) and selected
R | » there exists only one Maximum Power Point (MPP).
Generally, the power demanded by the load is more than
the delivered one by the photovoltaic system? To extract
the maximum power from the photovoltaic panel, it’s was
therefore necessary to introduce an intelligent mecha-
nism, is to be adapted to load change. However, a specific
algorithm for pursuing the optimal operating point
should be used thereof permits to stalk the maximum
power.

Some of the MPPT controller objectives are:

o+ Getting to the MPP with small rising time in the tran-
sitional state of the process.

» Reducing the power losses in photovoltaic system.

o Minimizing the output power ripples in the steady
state.

+ Making the robustness to variation in parameters.

3. MPPT Control Strategy

In the present study, three control strategies are studied.

Power
PV Arra Load
i Converter
\ J
Voltage & crurent PWM Generator
sensing
| | MPPTAIgDr'lthmlt Duty Cycle Adjustment |

Figure 5. MPPT control strategy.

3.1 Perturb and Observe Algorithm

Indeed, it's necessary to make a comparison between
the typical method of maximum power point tracking:
Perturb and Observe and the proposed fuzzy MPPT strat-
egy so that to appraise the performance of the suggested
one. The main concept of this method is; the duty cycle
is given periodically and the appropriate output power is
compared with at the previous update, implies modifying
the DC link voltage between the PV array and the power
converter. The flowchart of the P&O algorithm is shown
in Figure 7.
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If the difference between the power values of the pres-
ent and the previous states is positive, the perturbation is
maintained in the same direction as described in Figure
6. If the power’s difference is negative, the perturbation is
reversed.
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Figure 7. Flowchart of P&O algorithm.

3.2. Fuzzy MPPT Control

Fuzzy logic models are appropriate for nonlinear control
especially the TS fuzzy models (Takagi-Sugeno), due to
their ability to handle any nonlinear behavior and it does
need mathematical equations. The performances of a TS
fuzzy model rely on its complexity (Number of fuzzy
rules), on the type of membership functions and also on
the antecedent variables and the consequent regressors.

3.2.1 Inputs of Fuzzy Controller

This algorithm of MPPT uses the slope S (k) of the power
(P-V curve), and variation of slope S (k) as the fuzzy input
variables and the duty cycle as the output which controls
the boost converter. These variables were defined using
the following equations:
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sy AP _ Pu(0 =P, (k=D ®)
AV, "V, ()—V, (k=1)
AS(k)=S(k)-S(k-1) 9)

Where P and ¥V are respectively the photovoltaic
power and voltage of the panel. We define three fuzzy sets:
Positive (P), zero (Z) and negative (N) to describe each
linguistic variable.

The values of the next round of fuzzy input variables
are affected by the change of the output parameter’s PV
panel. The controller will know then readjust the output
commands accordingly. A new technique based on fuzzy
logic is presented in this paper, to pursue the maximum
power point of the PV array under rapidly changing
weather conditions.

3.2.2 The Proposed MPPT Method based on
Fuzzy Logic

A new Fuzzy logic method, of Maximum Power Point
(MPPT) for photovoltaic systems is proposed, as described
in Figure 8. The fuzzy controller input parameters S (k),
AS (k), va and variation of duty cycle AU (k) are used
for producing the duty cycle of the converter in order to
maintain the PV array’s operating point at its MPP.

Figure 8. Structure of Fuzzy logic MPPT controller.

Where K1, K2, K3 and K4 are the scale factors (stan-
dardization), these factors are determined by trial and
error method in order to have a proper transient control.

In fact, it’s they which will determine the performance
of the MPPT controller. The conventional MPPT algo-
rithms consist of two inputs and one output.

In our approach, the photovoltaic voltage is added
to improve the reliability and accuracy of tracking the

Indian Journal of Science and Technology | 5 -
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optimal point and the variation of duty cycle is added to

enhance the dynamic characteristics against change of % '

atmospheric conditions. E 1t
The database for fuzzy rules was designed according to g

the fuzzy input variables, are shown in Table 1. According .g o5t

to fuzzy logic, define of the universe of discourse of the @

inputs and outputs becomes necessary because it affects :“f 0

directly the results. e 01 .n_ﬁa [] []_Iga 01
Figure 9, 10, 11 and 12 show the corresponding input variation of duty cycle

membership functions of the proposed tracker.

Figure 12. Membership function of variation of duty cycle.

Table 1. Rule base used in the fuzzy logic controller

E: 12 Input1 Input2 Input3  Input4  Output
g 4 N N z N mf4
g N N G N mfl
B 05}
2 N z z z mf3
g o — . . . . N z G z mfl
2 ! 0 ! 2 N P z P mf5
Error
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Figure 9. Membership function of error. 7 N 7 N mf4
V/ N G N mf2
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Figure 10. Membership function of change of error. P Z Z Z mfo
P P L P mf9
P P Z P mf7
a15
=
2 L 7 G 3.3 Simulation Results
£ 1
£ The proposed system is composed of photovoltaic panel
..E 05| of 62W, a DC/DC boost converter and resistive load.
g Various simulations were realized to assess the system’s
E 0 performances. The different parts of the study system are
0 ; 10 15 20 Y 30 modeled by separate blocks, while the MPPT is controlled
voltage by conventional method P&O and the proposed Fuzzy
Logic Controller (FLC). To test their performances, these
Figure 11. Membership function of voltage. techniques are tested under various weather conditions.
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o Performances of the MPP Tracker Under Dynamic
Climatic Conditions:
To demonstrate the performance of the proposed
MPPT control approach, we apply a sudden variation of
irradiation as shown in Figure 13.
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Figure 13. Evolution of irradiation.
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Figure 14. Comparison of three method of MPP tracking
(P&O, Conventional Fuzzy logic and Proposed Fuzzy
method).

We know that for each pair of irradiation and tem-
perature there exist only one optimal operating which can
be determined from the power-voltage characteristic of
the PV array panel.
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In the first scenario, we compare by simulations, the
convergence of the output power of the PV system under
test, to the MPPT using P&O, conventional fuzzy logic
and proposed fuzzy logic algorithms.

First, we fixed the temperature at 27°C and we cause a
rapidly change at the level of irradiation. Figure 14 shows
simulation results obtained for this first scenario.

Taking into account the variations mentioned in this
scenario, the results are shown in Figure 14. For these
controllers, we notice the effect of the increase of the
power produced by the PV system, caused by an increase
in irradiance G when the temperature is fixed. In this
case, the convergence time or response time of the pro-
posed controller is faster than the classical one.

o Performances of MPP Tracker Under Real Conditions:

For the second scenario, both control algorithms
P&O and fuzzy MPPT controllers are simulated and
tested on the MATLAB/Simulink environment, under
illumination and temperature, modulated according to
one day.

On Figures 15 and 16, we present the evolution of
measured weathers conditions.
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Figure 15. Temperature for a day.
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Figure 16. 'The solar radiation for a day.
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In this section, we examine the effects of control
assured by the three MPPT schemes: P&O, the conven-
tional and the proposed fuzzy controller to variations
in measured temperature and irradiance. These effects
are illustrated in Figure 17; it demonstrates the high
efficiency, on terms of stability and response time, the
proposed controller compared to the conventional and
the P&O algorithm, which validates the interpretations of
first scenario.

60

s0F

40+
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Pmax with Proposed fuzzy
— — Pmawsx with Conventional fuzzy

8 10 12 14 16 18
Time(s)

Figure 17. Maximum power obtained by P&O and fuzzy
controller.

4. Experimental Results and
Discussions

4.1 Description of the Hardware Setup of
the System

DC-DC
Boost Converter

3 ‘ PWM

ADC )
<::> G| dSPACE
% <} DS1104 z g

Controller Board

RS-232

PWM Port
Gate Pulse

Control Desk
Command Interface

for MPPT Algorithm

Figure 18. Structure of a PV power control system.
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In this Section, we are going to simulate and test
experimentally the behavior of the photovoltaic system
using the developed control law combined to the pre-
sented MPPT. It has been implemented using a dSPACE
carte of real-time control with a platform installed in
the MIS Laboratory (see Figures 18, 19 and 20). The
dSPACE carte is a powerful tool used to modify the
MPPT controller parameters in real time to monitor
real process.

The platform components are: A PV panel as a power
source (UNI-SOLAR 62w), is connected to the DC-DC
boost converter that is considered as a power process
unit, a variable load and a dSPACE controller which is
interfaced with a PC.

"

Figure 20. Experimental setup.
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The MPPT algorithm is modeled in Simulink for
dSPACE implementation. Output signals of the volt-
age and current transducers are sampled in dSPACE
via DS1104-ADC blocks. The PWM pulses from the
dSPACE are sampled via a DS1104-DSP-PWM block to
produce standard 20 kHz fixed- frequency PWM pulses

4.2 Experimental Setup

In order to prove the effectiveness of the proposed fuzzy-
MPPT method, a comparison between the harvested
power and the one we get when using a P&O algorithm,
is available in this section.

The Figures 21and 22 show real-time a data capture
using Control Desk. We can see the temperature of photo-
voltaic cells and the solar radiation that are necessary for
the conduct of the fuzzy algorithm. Also, we can see the
PV current, voltage and the power produced with each
MPPT algorithm.

Using P&O-MPPT Algorithm: Using Fuzzy-MPPT
Algorithm:

u 00 002 004 006 008 ™ 00 002 004 006 008

a b

WA |

' vev Ppy

™ 00 002 004 006 008 = 00 002 004 006 008

c d

Figure 21. (a) Cell temperature. (b) Solar radiation. (c) Pv
voltage and power. (d) Pv Current using P&O algorithm.
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Figure 22.  (a) Cell temperature. (b) Solar radiation. (c)

Pv voltage and power. (d) Pv current using fuzzy algorithm.
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We can see in Figure 21, the produced power by the
used panel. It is around 50 W for approximately 825 W/m?
sunshine and cell temperature of about 60 “C. However,
there is a marked improvement in power output. It is
around 57 W, meaning an increase of up to 7W or 14%
compared to the previous power which is produced by the
classical method.

Of course, in virtually identical weather conditions.
This is possible by testing on a small period of time.

Obviously, we can say that our control law gets there
pretty well, which explains the 14% gain of power.

o Implementation of the P&O-MPPT Method:

The performance of the P&O-MPPT alters accord-
ing the perturbation step size. The use of a large step size
may increase the tracking speed but at the same time the
oscillation around MPP is increased. It’s necessary to
choice the correspondent step size to reach a compromise
between the need for fast tracking of MPP and the oscil-
lation around this point.

The P&O MPPT algorithm is tested under the ambi-
ent conditions shown in Figure 24.

Figures 23(b), 23(c) and 23(a) show the related volt-
age, current and the maximum power tracked.

We can notice that the maximum power is changed
accordingly with the solar radiation variation.
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Figure 23. Experimentally tracking behavior of the P&O-
MPPT.
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o Implementation of the proposed fuzzy-MPPT Algorithm:

MPPT is an intriguing technology; this controller will
harvest more power from the solar panel comparing with
the classical technologies.

The principle of the proposed algorithm is to calculate
the optimal reference output voltage in order to ensure
that the PV system is operated at its MPP.
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Figure 24. Changing ambient conditions.
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Figure 25. Experimentally tracking behavior of the Fuzzy-
MPPT.
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To demonstrate the effectiveness of the proposed
method, the fuzzy-MPPT algorithm is implemented
experimentally by adopting dSPACE 1104 data acquisi-
tion system. To track successfully the MPP, we consider
the membership function of the inputs variable shown in
Figures 9, 10, 11 and 12.

Table 1 indicates the FLC rules tuned for providing a
better performance of the PV system.

Taking into account these changes, we tested the pro-
posed approach under some different ambient conditions.

Figure 24 shows the variation on the solar radiation
while the lower plot shows the changing in the PV tem-
perature on 19-06-2015.

In fact, we tracked successfully the MPP of the PV
module through the Fuzzy-MPPT method as shown in
Figure 25. The upper plot in this Figure indicates the
maximum power tracked. Figures 25(b) and 25(c) show
the PV voltage and the related PV current. The duty cycle
which is provided by the proposed fuzzy method is shown
in Figure 25(d).

The MPPT block generates the duty cycle at the out-
put, which is injected to the PWM in order to provide the
switching pulses of the IGBT.

Effectiveness and accuracy are detected on track-
ing the maximum power point under variation in solar
radiation. In fact, the photovoltaic power obtained by the
proposed method is around 50 W for the maximum level
of solar radiation, mentioned in Figure 24, meaning an
increase of up 7 W compared to the previous power gen-
erated by the P&O method.

5. Conclusion

This paper presents a photovoltaic model adopting
MATLAB/SIMULINK and illustrates the conception of
the suitable boost converter related to a maximum power
tracker. The proposed fuzzy-MPPT method has been
implemented under disturbance in the photovoltaic irra-
diation levels.

Throughout these tests, we have been able to make some
convincing conclusions. Unlike fuzzy MPPT which is able
to instantly track the new maximum power point, P&O
MPPT doesn't allow maximum tracking of power point in
case of abrupt fluctuation of irradiation or temperature. This
drawback is absolutely absent when it comes to fuzzy-MPPT
which tracks almost instantly new maximum power point.

Indian Journal of Science and Technology



Arfaoui Jouda, Feki Elyes, Rabhi Abdelhamid and Mami Abdelkader

Experimental tests showed that for the same weather

conditions, the produced PV power by the P&O-MPPT
algorithm is 14% less than the power produced when the
fuzzy algorithm is used.

The simulations results show that the suggested control-

ler accurately and successfully pursues the maximum power
under real atmospheric conditions. The execution of real
time control setup of the MPPT hardware uses the dSPACE.
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