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Abstract

The Maximum Power Point Tracking (MPPT) method is essential for photovoltaic systems in order to be able to continuously
extract the maximum power in the different levels of irradiance and temperature. In this paper, a new MPPT technique
based on the new Fuzzy Logic (FL) control strategy for the photovoltaic system is presented. The main contribution of this
paper consists in the implementation of a new combination including the duty cycle at the moment (k-1) and the variation
of the power of the photovoltaic system as an input variable for the FL control. This significantly reduces the ripple around
the MPP and adds more efficiency, flexibility and speed to convergence to the MPP. Therefore, performances and
effectiveness of the proposed control strategy are compared with the most popular techniques such as: Perturb and Observe
(P&0) and Incremental Conductance {INC) and then analyzed by using the Matlab-Simulink environment. The simulation
results show that the MPPT controller based on the proposed FL technique extracts a higher and more stable average power

in all conditions compared to other techniques.

Keywords: Fuzzy logic, Maximum Power Point Tracking, Perturb & Observe, Increment of Conductance.

Introduction

The solar energy is one of the cleanest and
abundant energy sources in the world. It is
almost unlimited and is likely to be the main
source of energy in the future [1, 2]. Solar energy
has already been wused for industrial,
commercial, residential and aerospace purposes.
The solar energy production depends directly on
the irradiance, the temperature and the physical
characteristics of the photovoltaic cell. In order
to be able to extract maximum power
continuously under different irradiance and
temperature levels, the Maximum Power Point
Tracking (MPPT) technique, is paramount in
these photovoltaic (PV) systems to maximize

power output by gradually increasing or
decreasing the duty cycle of the power
converter according to the PV source output as
seen in the following schematic:

MPPT Controller
Temperz(ure
& A 4
PV source Converter Load

Fig. 1. Schematic of PV system based on MPPT
controller
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In the literature, several works focused on the
development of MPPT's algorithms [3, 4], some
are robust and simple, others are more robust
but require a sophisticated calculating unit.
Citing: perturb & observe ‘P&0O’ [5, 6, 7],
incremental conductance ‘INC’ [8, 9, 10] and so-
called intelligent control based on fuzzy logic[11,
12, 13]. However, the development for improving
the efficiency of the PV system using intelligent
adaptive and artificial techniques is still a
challenging field of research. Numerous
algorithms based on intelligent techniques such
as fuzzy logic [14, 15, 16, 17] and the adaptive
neural-fuzzy system [18, 19, 20] have been
developed. Fuzzy systems are appropriate for
non-linear control and make it possible to
effectively exploit and manipulate linguistic
information emanating from human expertise
through an important theoretical foundation [21,
22, 23]. Unlike traditional controllers such as
P&O and INC, fuzzy logic controllers are able to
use empirical methods or professional
knowledge to adjust the duty cycle of the power
converter even without understanding the
mathematical model of the systems. In recent
years, based on these intelligent controllers,
many MPPT's techniques have been proposed
and implemented. In [24], the implementation of
Fuzzy Logic Controller (FLC) based on the power
variation and output voltage variation is studied,
furthermore, to improve the performance of the
proposed  technique, an  asymmetrical
membership function concept is also proposed.
Then, to determine the universe of discourse of
the input, two design procedures are proposed.
This improves considerably the transient time
and the MPPT tracking accuracy. The simulation
and hardware implementation of MPPT based on
FL are presented in [25], in this work, no
proportional or integral control loop exists, and
an adaptive FL controller generates the control
signals. The algorithm works as a direct method
of MPPT through a buck-boost converter placed
in parallel with the PV array. An optimal
asymmetrical FLC-based MPPT is proposed in
[26] to improve the transient time and the MPPT

tracking accuracy, therefore, two membership
function design methodologies that can improve
the effectiveness of the proposed asymmetrical
FLC-based MPPT methods are proposed. The
first method is used to determine the input
membership function (MF) setting values via the
power-voltage (P-V) curve of PV system under
standard test conditions. The second method
uses the Particle Swarm Optimization (PSO)
technique to optimize the MF input setting
values. In [27], a new MPPT scheme based on a
novel fuzzy approach 1is proposed, the
optimization is achieved in tracking the MPP of
the PV system by a Boost-converter using an
“antecedent-consequent adaptive” indirect
fuzzy-based MPPT scheme. The fuzzy-based
scheme is adjusted online using a novel
computationally light membership function
tuning routine, where the membership
functions are tuned synchronously. A novel beta
parameter three-input one-output fuzzy-logic
based MPPT algorithm is presented in [28] for
the photovoltaic system. The dependence on the
user's knowledge about the system is reduced by
introducing a third input: an intermediate
variable b which simplifies the fuzzy rule
membership functions and covers wider
operating conditions.

The design of the FL MPPT algorithm differs
according to the choice of input and output
variables giving rise to different effects on the
MPPT process. Mostly, the output variable is
usually the duty cycle of the DC-DC converter.
However, the choice of input variables is not
always the same. The most commonly used input
variables for MPPT algorithms are usually based
on the electrical characteristics of the PV
system. For example, in [29, 30], they selected
the relationship between power and the
corresponding voltage (P-V) as the input
variable. In [31, 28], the error O 0Ofw and the
variation of the error ¢ ‘Oof the photovoltaic
system were selected as input variables, other
works [24, 32], selected the variations of the
power and the voltage (w0 &wd as input
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variables. There are also those who have chosen
variations of the power and the current (¢ 0&w JO
[33]. Despite these different combinations of the
input variables of the FL system, no work has
selected the variation of the duty cycle as a fuzzy
input variable. Therefore, by considering this
parameter, it not only makes it possible to know
effectively whether one is on the left or the
right of the MPP but also it makes it possible to
know if one is very far, far, close or very close to
the MPP. This greatly reduces the ripples around
the MPP and adds more efficiency, flexibility and
rapidity of the convergence to the MPP. Hence,
based on the aforementioned advantages of
fuzzy logic controller and by taking the duty
cycle as input variable, a novel efficient MPPT
technique based on fuzzy logic have been
proposed in order to automatically and
intelligently adjust the duty cycle and improve
energy conversion efficiency of the PV system.
The simulation is done utilizing
MATLAB/Simulink software. The waveform
results of simulation are shown as well, and the
demonstrated results indicate that the proposed
FL controller is capable of tracking the MPP
while it is fast and accurate.

The remaining part of the paper is organized
as follows. Section 2 is devoted to the operating
principle and modeling of solar panels. In section
3, the general illustration of the operating
principle of the MPPT techniques is explained.
Then, an overview is given of the different most
popular approaches implemented to ensure the
MPPT. In section 4, fuzzy control strategy is
presented for the MPPT technique. In section 5,
simulation results obtained under different
irradiance and temperature conditions are
presented to show the effectiveness of the
proposed fuzzy logic control strategy. The
conclusion and findings of the proposed work
are discussed in Section 6.

Solar panel modeling

In this work, amodel of a solar panel has been
developed using Matlab/Simulink, the model of
the triple junction solar cell used in this work is
as follows:

Vo Rs |
NNN\——o0+
Isc Ip Ip
Dgainp2
CD g Rsh Voc
Dgans
DGe

o-

Fig. 2. Triple junction solar cell model.

Based on the application of Kirchhoff law on
the above figure, we obtain:

W 0 0O ° 1)
Where:

o o0Q— p,O0 — 2)
oo o p — 3)

Where I and lo are the PV current and the
saturation current of the diode, respectively.

The voltage ® — (4)
Where:

k Boltzmann constant (1.38 x 10-23 J/K).

n ideality factor (from 1 to 2).

T temperature(in kelvin).

e electroncharge (1.6 x 10-19 C).

After simplification (Y o) of equation (3), we

obtain:
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O 0 0QT  p (5)
Which, with / = 0 (V = Voc), leads to this

expression

0 0Q (6)

Where:
Vo open-circuit output voltage.

I short-circuit output current.

Substituting (6) in (5), we find:
O 0 p Q (7)

The parameters of the used solar cell model
are listed in the appendix.

In the studied PV system, three solar cells are
connected in parallel, which is frequently used
in space for a 1.5U nano-satellite standards. Fig.
3 represents the variation of the power as a
function of the voltage for the different
irradiation (600W/m?2, 800W/m?2, 1000W/m?) at
temperatures of 10° C., 35° C. and 60° C.

3.5

T=60°C, Ir=600W/m?
T=60°C, Ir=800W/m?
T=60°C, Ir=1000W/m?

T=35°C, Ir=600W/m?
T=35°C, Ir=800W/m?
T=35°C, Ir=1000W/m?
T=10°C, Ir=600W/m? # ,\
T=10°C, Ir=800W/m” sy 4
T=10°C, I=t000Wim?|

Output power, W

0 0.5 1 15 2
Output voltage, V

Fig. 3. P-V Characteristics of PV model for various
temperatures and irradiations.

Based on the above figure, it is noticed that
the power generated by PV system depends on
environmental conditions such as irradiation
and temperature. Therefore, this will enable us
to make a comparison between the typical MPP
and the MPPs obtained via the different MPPT
techniques namely: P&O, INC and our technique.

Power converter

In this work, a model of a DC-DC boost
converter has been developed using
Matlab/Simulink; a typical conyguration of the
boost converter connected with solar panel is
shown in Fig. 4.

=

|
|
PV source ()‘Va- o —— ﬂE G —— Ve § R (Load)
[
|
|

Fig. 4. Electrical scheme of the boost converter.

The dynamic model of the boost DC-DC
converter in state space form is found by the
application of basic laws, which is written as
follows:

— -0 w p Y (8)
— —0p Y © (9)

Where @ is the voltage of PV panel, ® and
0 — are the output voltage and inductor
current, respectively.

The control input YN mip is the switching
function.

The equation (8) and (9) can be written as
follows:
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[ s -p TY o
. ’O ) ,O — (10

T

The model shown in (8) and (9) can be rewritten
in non-linear state equation form:

® "Qad Qdo toad Q (11)

MPPT algorithm

Obviously, there is a single point on the
electrical characteristics curve (P-V or I-V),
called the Maximum Power Point (MPP), at
which the photovoltaic system produces its
maximum output power. However, since the
MPP varies with different levels of irradiance
and temperature, it is difficult to maintain MPP
operation at all conditions without changes in
the system parameters. The MPPT algorithm
aims to follow the maximum power point of a
non-linear photovoltaic system, where the
maximum possible current depends on the solar
irradiance received by the photovoltaic cell.
Therefore, to increase the power, it is only
possible to vary the voltage. The controlled
variation of the voltage can be made by means
of a DC-DC converter; while acting on its duty
cycle, this automatic and sometimes intelligent
variation is ensured by specific and well-defined
algorithms. In this section, an overview of the
most popular MPPT algorithms is given:

Perturb and observe ‘P&0O’ method

The perturb and observe 'P&0O' method is the
most common technique in photovoltaic
systems, because its algorithm is easy to
implement. The operating principle of this
method is to generate a periodic disturbance of
the operating voltage of the system and observe
its effect on the output power at time k. If the
measured power at instant k is greater than that
measured at the moment (k-1) then one
approaches the point of maximum power 'MPP".
Therefore, the voltage disruption continues in
the same direction that will move the operating
point until the MPP is reached. Otherwise, if the
measured power at the instant kis less than that
measured at the instant (k-1), then the operating
point is moved away from the point of
maximum power, so the disturbance of the
voltage is done with a different algebraic sign to
the preceding sign to move the operating point
until reaching the point of maximum power. Fig.
5 illustrates the flowchart of the 'P&O'
algorithm.



Journal of Power Technologies 0% (3) (2025) 199 -- 233

2

Start
P(k)-P(k-1)=0
P(K)-P(k-1)>0

Yes H No No w Yes

D1
D(k)-Cp

|

(]

D(k:l): |

D(k:l):
D(k)+Cp

Dk 1)
D(k)-Cp

D(k)+Cp

Return

0

Fig. 5. P&O MPPT algorithm flowchart.
Incremental conductance, ‘INC’

The MPPT based on incremental conductance
‘INC’ method consists of measuring changes in
the current and voltage of the PV array. Then,
the Maximum Power Point (MPP) is reached

when — 1

Knowing that:
0 ®O (13)

So, (13) can be written as
— 0 00— T (14)

which implies
- - (15)

So, to find the MPP point, equation (15) must
be true. Once the MPP is reached, the disruption

process stops and only starts again when 'Q T® &
isbelow or above “@w The operating principle is
illustrated in the following flowchart:

Calculate D I(k), D V(K)
|
e e
|
> <>

D(k+1)= D(k+1)- D(k+1)= D(k+1)=
D(K)+Cp D(k) Cp

D(k)+Cp D(k)-Cp

é

Return

Fig. 6. INC MPPT algorithm flowchart.
Fuzzy logic ‘FL” method

The practice of fuzzy logic (FL) control is
interesting when there is no precise
mathematical model with uncertain parameters
of the process to be controlled, or when it has a
strong nonlinearity. Indeed, recently, fuzzy
logic control has been used frequently in
photovoltaic systems to follow the MPP. The
design of the FL system requires passage
through the fuzzy parameter selection steps,
membership functions, inference methods and
fuzzification strategy as shown in Fig. 7. The
most common FL MPPT algorithms generate
fuzzy input variables from the voltage and
current signals from the photovoltaic system.
The fuzzy input variables would therefore be
used to calculate the duty cycle control to adjust
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@:

Journal of Power Technologies 0% () (2025) 200 -- 2338 Q

the operating point of the photovoltaic system
to maximize the output power.

Fuzzy rules

1
:
A |
1
1
1

Input

I

! Output
! paramete

1

1

paramete
rs

rs
’—b Inferenc
[ 1 _________ '
L Fuzzificatio Defuzzificati j

Fig. 7. Structure of fuzzy logic controller.

Proposed fuzzy logic control strategy

Generally, the commonly used MPPT
techniques such as the P&O and INC method use
a fixed step for incrementing or disrupting the
voltage. The choice of step value is a serious
problem for these techniques for the following
reasons:

- If the step value is large and conditions
(temperature  and  illumination) change
frequently, the MPPT algorithm will respond
quickly and converge to the optimal operating
point. But this causes ripples and considerable
losses once these conditions are stable.

- If step value is very small, the losses and
ripples under stable conditions (temperature
and illumination) will be reduced, but the system
will no longer be able to follow the MPP if there
is a sudden and rapid change in temperature or
irradiance.

Therefore, to overcome these disadvantages,
the solution is to automatically and intelligently
adjust the duty cycle step value, which is why we
opted for an algorithm based on fuzzy logic.
Instead, the traditional controllers such as P&0O
and INC, the proposed FLC allowed adjusting the
duty cycle of the power converter even without

needing to understand the complex
mathematical model of the system. However, it
requires professional knowledge to determine
fuzzy inference rules.

As defined in the last part of the introduction,
the proposed FL control is based on two input
variables DutyCycleln (Duty cycle at instant (K-
1) and the variation of the power of the
photovoltaic system and one output (Duty cycle
(K-1) + Delta Duty cycle). Fig. 8 shows the
flowchart of the fuzzy controller calculation

process.
P(k) > YP=P(k) - P(K-1)
Duty cycle (K-1)
; v y
Membership .
Functions » Fuzzification
Fuzzy Inference
Fuzzy rules (Mamdani)
Membership o Défuzzification
Functions d (cOG)
Delta Duty cycle

Duty cycle (K-1) + Delta Duty cycle

Fig. 8. Flowchart of the FL algorithm.

In order to achieve an appropriate FL control
to the proposed system, the following flowchart
should be proceeded:
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Fig. 9. Flowchart of the FL making process.

The choice of the fuzzification strategy
consists of defining the membership functions
forms and their arrangement on the discourse
universe. There are several forms of
membership functions, such as the triangular
shape, the trapezoidal shape and so on.
Comparative studies of these different forms of
membership functions have shown almost
identical results. However, triangular shapes are
proportionally easy to program, which explains
why they are the most frequently used. In this
proposed control strategy, for the membership
functions, two forms at once are adopted, which
are the triangular and trapezoidal form:s.

The membership functions for the inputs
Delta DutyCycleln YD and () and the variation
of the output Delta DutyCycleOut 3 $ur are
shown in Fig.10, Fig.11 and Fig.12

'H M M FA VF

Fig. 10. Membership functions of the Input

DutyCycleIn YDin
NG NM C PM PG
1 \
\
\
\
\ /
.\
\
\
\
0 I\'
o, AT T SN %

Fig. 11. Membership functions of the Input YP

NM N c© P PM
1 .
\
\ /
A\
\
o
K y € y ‘ @ @, a, @ Q a
% % % 9%, %o %e% "% s

ADGu

Fig. 12. Membership functions of the Output YDou

The base of the fuzzy rules has been defined
based on the description of the system to be
controlled, according to the linguistic variables
and the membership functions for the input and
output variables. A total of 25 fuzzy rules has
been implemented for the FL control, a complete
rule base for the proposed FLC is given in Table 1.
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Table 1. Complete rule base for the proposed FLC.

P

NG NM C PM PG

VS CcoO CcoO cCco P PM

SM N N co P PM

YDin M NM N co P PM
FA NM N co co P

VF' NM N co co co

The Mamdani inference method is adopted in
this paper. The AND operator is performed by
calculating the minimum, while the OR operator
is performed by calculating the maximum. For
the defuzzification method, the center of
gravity method is used. This is frequently used
because it makes it possible to express
analytically the output of the FL system, to
simplify its implementation and to reduce the
calculation time. Moreover, this definition
makes it possible to avoid the discontinuities
that could appear in the other methods of
defuzzification, in particular the method of MM
(average of maximums).

} | Controlled Current Sourle
+

al+
—al- v {

temperature
Irradiance | 1000 T

G

v

solar panel model

ad T n

o — (16)

Where:

0 ® : The membership function of the FL
output.

@: The exact value of the FL output.

Fig.13 shows the wvariation of the Delta
DutyCycleOut 3 $ut at time K as a function of
input variation of power @O0 and Delta
DutyCycleln 2 $ at time (K-1).

Fig. 13. Variation of the ADout at instant K as a
function of the variation of the inputs  tand ADin at
instant (K-1).

e )
D2
i X
a ¥ L] é
cz j‘_ R2 % Product Power

] o
o
L.

Vol

lage
:.
Product1 P in1
Out1
P In2
Continuous

powergui

MPPT controller

T

PWM GENERATOR
Générateur MLI

DUTY CYCLE SIGNAL

Fig. 14. MATLAB/Simulink implementation of the MPPT controller.
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From the above figure, it is noticed that the size
of Delta DutyCycleOut tends to zero when ¢ Qs
within an acceptable margin of error (¢ 0U 0), if
this error increases then the controller must
adapt the Delta DutyCycleOut so that ¢ Otends
towards O as fast as possible.

Simulation results

The Simulink block diagram is shown in
Fig.14.In this simulation, only the block of the
MPPT controller is changed, the same model of
the solar cell and the same electrical circuit to
keep the same electrical characteristics are used
to make areliable comparison.

In this section, different results obtained via
Simulink are presented and discussed. First, the

irradiation is varied (1000 w/m?2, 900 w/m?, 800
w/m? and 700 w/m?) while keeping a fixed
temperature (35C °). Afterward, the temperature
is changed (20C °, 40C °, 60C ° and 80C °) while
keeping a fixed irradiation (1000 w/m?). In the
last part of this section, the power ripples
around the MPP generated from the use of the
three techniques (P&0O, INC and FLC) are
compared.

Irradiance variation

This test consists of showing the advantages
of the proposed control strategy in terms of
tracking compared to other control techniques
at different levels of irradiance (1000 w/m?2, 900
w/m?, 800 w/m?, 700 w/m?).

2.5 P
1000 w/m? S P po
\ P inc
2 900 w/m?= —
800 w/m? \
B 700 w/m? |
='°
o
1 -
0.5 B
0 | L | L | L |
(0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Times (S)

Fig. 15. Output powers obtained by different MPPT algorithms at different levels of irradiance.
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g 240 g W
o o 222
244
242 i 221 4
2.4 r 1000 w/m? 1 900 w/m?
218 1
238t . . . . . . . . E . . . . . .
0.13 0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17 0.29 0.295 0.3 0.305 0.31 0.315 0.32
Times (S) Times (S)
2.04 | Pfl ] 178 b Pl 1
Pinc Pinc
P P&0O P P&O

A

P (w)

OO

1.96

800 w/m? 1 170 700 wim? 1
0.47 0.475 0.48 0.485 0.49 0.495 0.655 0.66 0.665 0.67 0.675 0.68
Times (S) Times (S)

Fig. 16. Zoom of output powers obtained by different MPPT algorithms at different levels of irradiance.

448 1 0.562 ] ]
—Vinc Ilnc
—vi i
4.46 ——— VP8O 0.56 [ ——1P&0O
4.44 - 0.558
s <
%442 R L T R R R T g 0.556 [l R R R R I R R R KRR
o] = TTT1
s 3
44r 0.554 4
1000 w/m? 1000 w/m?
4.38 0.552 - 1
4.36 q 0.55 - 1
. . . . . . . . . . | I I I I I
0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15 0.1 0.11 0.12 0.13 0.14 0.15
Times (s) Times (s)

Fig. 17. Zoom of currents and voltages obtained by different MPPT algorithms at 1000w/m?.

Fig.15, Fig.16, and Fig.17 show that fuzzy logic techniques giving oscillations. Nevertheless, as
control method has effectively tracked the shown in Figures 15, the time response of INC
changes in irradiation compared to other method is relatively slow and can cause greater
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oscillations around the MPP than the other Temperature variation
techniques.

In this test, the proposed control strategy is
evaluated in terms of tracking compared to
other control techniques at different
temperatures (80 C°, 60 C°, 40 C" and 20 C°).

3.5 : . : : | ; :
P Inc
3+ P P&O |
P 1l
2.5 — =
- 20 C-°
R 40 c-
> L 60 C .
= 80 c°
o
1.5 =
1 i
0.5 .
o . | . | . . |
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Times (s)
Fig. 18. Output power obtained by different MPPT algorithms at different levels of temperatures.
445 F
Vil Ifi
V P&0O 0.55 | 1P&O |
4.4r VInc ] I'nc
_a35) 1 0545 i
= < e
ETTTTrTTrTTTTTTTe™ = r ]
% 43 § 0.54
s 3 60 C°
a5 | 60 C | 0.535 -
0.53 |
425
. . . . . . 0525 b . . . . 4
0.305 0.31 0.315 0.32 0.325 0.33 0.305 0.31 0.315 0.32 0.325 0.33
Times (s) Times (S)

Fig. 19. Zoom of currents and voltages obtained by different MPPT algorithms at 60 "C
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il

2.45 - Pl

60 C-°
2.25 a
0.38 0.39 0.4 0.41 0.42 0.43 0.44
Times (s)
236 P 1 255 -

222 - 4 2351

22 L L L L L L L L L
0.19 0.195 0.2 0.205 0.21 0.215 0.22 0.225 0.23

Times (s)

25+
Toast
o

241

40C°

L
0.57

L L L L L L
0.58 0.59 0.6 0.61 0.62 0.63

Times (s)

Fig. 20. Zoom of output power obtained by different MPPT algorithms at different levels of temperatures.

In this test, the temperature is changed,
which is the most important environmental
parameter that influences the value of the
power generated by the photovoltaic system. As
shown in Fig.18, Fig.19 and Fig.20, the technique

based on FL control allows to track a stable MPP
compared to other techniques.

Efficiency
The average power P and the variation 3 for

the two different irradiations at 35 C° are
presented in the following table:
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Table 2. Efficiency of different MPPT algorithms.
1000 w/m? at 35 C’

P w0 Efficiency
average (oscillations)
LF 2,461 0,007 96 %
P&O 2,456 0,024 95,8 %
Inc 2,452 0,011 95,6 %

The MPPT efficiency is calculated by the following
relation:

Efficiency= power from MPP technique / ideal power

Table 2. shows that oscillations obtained by FL
control are less than three times compared to
the P&O technique and half as much compared to

2.04

Pfl
Pinc
P P&O

2.02

O e i

1.98

1961 800 w/m?

0.48 0.485 0.49 0.495

Times (S)

0.47 0.475

1.78 1

1.76 1

174

1.72 1

the method of INC. In addition, the efficiency
obtained by FL is higher compared to the
efficlency obtained by the other MPPT
techniques. The MPPT controller based on the
proposed FL technique extracts higher and more
stable average power under all conditions than
other techniques (P&0O, INC).

Irradiance variation

This test consists of showing the advantages
of the proposed control strategy in terms of
tracking compared to other control techniques
at different levels of irradiance (1000 w/m?, 900
w/m?, 800 w/m?, 700 w/m?).

Pfl
Pinc
P P&O

700 w/m?

0.665 0.67 0.675 0.68

Times (S)

0.655 0.66

Fig. 16. Zoom of output powers obtained by different MPPT algorithms at different levels of irradiance.
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Fig. 17. Zoom of currents and voltages obtained by different MPPT algorithms at 1000w/m?.

Fig.15, Fig.16, and Fig.17 show that fuzzy logic Temperature variation
control method has effectively tracked the
changes in irradiation compared to other
techniques giving oscillations. Nevertheless, as
shown in Fig.15, the time response of INC
method is relatively slow and can cause greater
oscillations around the MPP than the other

In this test, the proposed control strategy is
evaluated in terms of tracking compared to
other control techniques at different
temperatures (80 C°, 60 C°, 40 C" and 20 C°).

techniques.
3.5 T T T T T T T
P Inc
3 P P&O |
Pl
| -
20 C-°
40 c°
60 C-° _
=
o —
0.3 0.4 0.5 0.6 0.7 0.8

Times (s)

Fig. 18. Output power obtained by different MPPT algorithms at different levels of temperatures.
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Fig. 19. Zoom of currents and voltages obtained by different MPPT algorithms at 60 'C
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Fig. 20. Zoom of output power obtained by different MPPT algorithms at different levels of temperatures.
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In this test, the temperature is changed,
which is the most important environmental
parameter that influences the value of the
power generated by the photovoltaic system. As
shown in Fig.18, Fig.19 and Fig.20, the technique
based on FL control allows to track a stable MPP
compared to other techniques.

Efficiency

The average power P and the variation 3 &for
the two different irradiations at 35 C° are
presented in the following table:

Table 2. Efficiency of different MPPT algorithms.
1000 w/m? at 35 C°

P w0 Efficiency
average (oscillations)
LF 2,461 0,007 96 %
P&O 2,456 0,024 95,8 %
Inc 2,452 0,011 95,6 %

The MPPT efficiency is calculated by the following
relation:

Efficiency= power from MPP technique / ideal power

Table 2. shows that oscillations obtained by FL
control are less than three times compared to
the P&O technique and half as much compared to
the method of INC. In addition, the efficiency
obtained by FL is higher compared to the
efficilency obtained by the other MPPT
techniques. The MPPT controller based on the
proposed FL technique extracts higher and more
stable average power under all conditions than
other techniques (P&O, INC).

Conclusion

In this paper, three MPPT techniques (P&O,
INC and FL) have been studied and compared by
using MATLAB/Simulink. Fuzzy logic is chosen
in this article because it is considered one of the
most effective techniques to automatically and
intelligently adjust the duty cycle. Generally,
the most commonly used input variables for
MPPT algorithms are usually based on the
electrical characteristics of the PV system.
However, no work has been chosen for the duty
cycle wvariation as a fuzzy input variable.
Therefore, the contribution of this paper
consists in the implementation of a new
combination whose duty cycle at the moment
(k-1) and the variation of the power of the
photovoltaic system as an input variable. Taking
this parameter into account makes it possible to
accurately know its precise position with
respect to the MPP. With this proposed
technique, ripples around the MPP can be
considerably reduced with improved efficiency,
flexibility and convergence speed of the MPP.
The obtained simulation results indicate that all
the studied MPPT methods are able to track the
maximum power of the photovoltaic system
under different environmental conditions
(irradiation and temperature). The INC method is
easy to implement but it gives slow responses
and can be used under very slowly changing
environmental conditions. While, for the
method of P&O, the main advantage is its
rapidity compared to the INC method. However,
it generates significant oscillations around the
MPPs. Another disadvantage is its complexity,
which can increase the calculation time and
slow down the sampling frequency. The P&O and
INC algorithms produce two and sometimes five
times larger oscillations than those produced by
FL. Consequently, the results obtained by the FL
method clearly show that it is the suitable
solution to find the MPP point, it is faster and
more stable than the other methods.
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Appendix

The parameters of the boost converter are
In this paper, simulations are investigated presented below (Table.4):

with a triple junction solar panel. The
parameters of this solar panel are presented Table 4. Boost converter parameters.
below (Table 3): Parameters

Values
Table 3. Parameters of PV module. Inductance L2 0.00099 H
Electrical characteristics Values )
Capacitor C1 0.7e-4F
Vo 2.667V
Capacitor C2 2e-3F
Isc 0.506 A
Resistor R2 7.95 Ohms
R 0.5463 Q
T rupp L114 A
V oo 23V
P ropp 2,5622 W
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