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Abstract- In this paper, a new technique of global
maximum power point tracking (G-MPPT) is introduced,
where a Fuzzy Logic Controller with self-adapting output
gain is used to solve the partial shading condition (PSC)
problem. The gain adaptation is based on the study of the
B parameter and applies only in the case of the presence of
PSC to ensure stable operation under homogeneous
weather conditions. The design of this tracker takes into
account simplicity of implementation, flexibility, high
performance, resistance to  disturbances  while
guaranteeing better efficiency of about 100% under
standard conditions or even in the presence of PSC. The
performance of the presented command has been assessed
by simulation in Matlab-Simulink and the gathered results
are compared with that obtained by the conventional
Perturbation and Observation (Perturb and Observe, P&Q)
controller. Different degrees of PSC with different
distributions have been studied, the given results show the
inability of the conventional P&O command to
differentiate between the local and the global maximum
power point (MPP) which significantly decreases its
efficiency. On the other hand, the adaptive technique
proposed presents a better yield in the absence and even in
the presence of PSC. A quantitative study has been carried
out and shows that the difference between the
performances of the simulating techniques can reach up to
41.22% in favor of the presented adaptive Fuzzy Logic
Controller.

Keywords: Partial Shading Condition, Global Maximum
Power Point, MPPT, Fuzzy Logic Controller,
Photovoltaic.

1. INTRODUCTION
Renewable energies assume significant importance in
most development plans around the world. Despite of the
challenges faced by humanity. Due to the growing demand
for electricity, and the effect of polluting sources of energy
on the environment. Photovoltaic solar energy
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(Photovoltaic, PV) is considered the most demanded
source of renewable energy in the world, thanks to its
remarkable advantages. Indeed, this source of energy is
sustainable, non-fossil, does not require frequent
maintenance, is free, available worldwide, and emits no
noise [1]. Despite these advantages, this source of energy
faces some challenges especially in the task of transferring
the energy produced by the PV generators to the load, since
it not only depends on weather conditions but also the
nature of the load supplied by this generator. In fact, to a
given value of PV generator power, corresponds a single
value of the load (resistive for example), on which the
operating power-point of the system will be maximum
(Figure 1). It’s called the optimum load of the PV
generator.

Optimal load
characteristic

point

Current[A]

PV array

Load |
|| characteristic

characteristic

Voltage [ V]
Figure 1. Direct connection between a PV generator and a load [28]

However, PV generators are typically designed to per
a wide range of loads and even use variable loads such as
batteries. This makes it mandatory to use a maximum
power point tracking to ensure the transfer of all the
produced energy by the PV generators. In the literature, we
note that this area of PV system optimization has attracted
a big interest from researchers for several years, and
several techniques have been proposed which can be
classified into two broad categories:
- Conventional techniques: generally based on the study of
the photovoltaic P(V) and I(V) characteristics, such as the
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Perturb and Observe commands [2], [23] which are the
most used thanks to their simplicity. Incremental
Conductance (Incremental Conductance, IC) [3], [24],
Fractional Open-Circuit Voltage or Short-Circuit Current
[4], [5], and the Hill Climbing method [6], [25].

- Intelligent techniques: such as Neural Networks, Fuzzy
Logic Controllers [7], [27], and Particle Swarm
Optimization [8], [26].

PV plants are usually installed in populated areas
surrounded by building trees and others, these laters can
lead to the phenomenon of partial shading condition. This
aspect causes the appearance of several maxima on the
characteristic curves of the PV generator [11], which
makes tracking the true MPP (Global MPP) a difficult task.
Especially for conventional techniques which stand on the
direct voltage and power mensuration of the photovoltaic
generator, such as P&O, IC, and Hill Climbing. Because
these techniques are not able to differentiate between the
global MPP (G-MPP) and the Local MPP (L-MPP).

Many studies are effectuated on the influence of the
PSC phenomenon on the performance of PV systems, and
they have shown that the presence of PSC leads to a
remarkable decrease in the system efficiency which can
reach up to 70% in systems that use conventional MPPTs
[9]. This makes the design of more sophisticated trackers
to overcome this problem of PSC. Meanwhile, in [10], a
two-step technique, on which the authors used the adaptive
f technique in the transient state, and the Zero Oscillation
P&O technique in the steady-state. This method reduces
the tracking speed and avoids the oscillation phenomenon.
Some changes on the P&O technique made by the authors
to take benefit from its advantages and especially its
simplicity of implementation. We found for example in
[11-13], a hybrid technique based on the study of the
gradient sign of the characteristic P-V, on which the P&O
technique is used with an adaptive step. The technique
proposed in [11], allows obtaining a very short
convergence time of about 100 ms. In [13], the authors
showed that the use of a variable step overcomes the
limitations mentioned in conventional P&O controllers.
Because this technique reduces the oscillations around the
MPP by nearly 75% and the tracking time by about
91.67%.

Among the smart techniques that show their
efficiencies in the case of PSC, we find controllers based
on Fuzzy Logic Controller (Fuzzy Logic Controller, FLC)
[14],[15]. In [15] for example, a Fuzzy MISO (Multiple-
Inputs Single-Output) controller is presented where the 3
parameter is used as an additional input variable. The use
of the B parameter allows to reduce the number of fuzzy
rules and improves the performance of the controller in the
case of the occurrence of the PSC phenomenon.

These trackers face the challenge of detecting the
existence of PSC. Among the proposed solutions, some
authors set thresholds for the variation in power [16],
others use thresholds for voltage and current variation [17].
However, due to the strong non-linearity of PV generators
and the instability of weather conditions, the techniques
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proposed in [16], [17] do not give a reliable decision on
the presence of PSC, especially, during a fast switch of
weather conditions. To deal with this kind of problem,
some researchers [18] have used timers to make a
comparison between the actual variations of the approved
parameters (variation of power, current, or voltage), and
this comparison is carried out at discrete and periodic
instants. This technique avoids the problem of confusing
rapidly changing weather conditions and the phenomenon
of PSC. On the other hand, it leads to an useless increase
in execution time due to periodic interruptions in the case
of stable weather conditions (steady-state).

In [9], [17], a double condition to verify the existence
of PSC has been used. In particular, they used the
conventional IC technique to follow the MPP in the
absence of PSC. Moreover, in the case of PSC, the
increment step of the IC command is replaced by a linear
function that allows the operating point to be moved in the
vicinity of the G-MPP. Subsequently, the conventional IC
technique is used to track this G-MPP. In [19], we find a
two-step technique based on the modification of the P
parameter. The first step consists of determining the
existence of PSC, while the later step is to track the true
MPP. This technique has a short response time since it
does not require the use of thresholds or interrupts.

In this article, a Self-adapting Fuzzy Logic Controller
is used for tracking the G-MPP in a PV system. The
proposed methodology uses both the parameter 3 to detect
the existence of the phenomenon of PSC, and a Fuzzy
Logic Controller with adaptive gain to follow the overall
MPP. The rest of this paper is structured as follows: in the
section 2, we find modeling of a photovoltaic array under
homogeneous meteorological conditions, and in the case
of PSC. Section 3 contains a description of the proposed
technique in details. Various simulations and quantitative
studies were presented in section 4. Finally, a conclusion
of this work is done and presented in the last section.

2. MODELING OF APHOTOVOLTAIC SYSTEM

2.1. Under Uniform Irradiation

The PV cell is the basic component of all PV systems,
its role is to convert incident solar energy into electrical
energy through the photovoltaic effect. It is a very low
power source of energy (on the order of a few Watts).
However, most electrical applications require high powers
to meet the needs of consumers. for this purpose, PV cells
are arranged in series and in parallel to build useful
photovoltaic modules. These PV modules are non-linear
components and are sensitive to several criteria such as
weather conditions, nature of the connected load,
adaptation technique between the GPV and the load
adopted, as well as the phenomenon of PSC probably
caused by trees, clouds, or even buildings. This makes
modeling a PV system quite a complicated process. In this
work, to model the PV cell, we have chosen the model with
a single diode [20] shown in Figure 2.
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Figure 2. One diode model of a PV cell [20]

According to Figure 2, the characteristic 1(V) of the
photovoltaic cell can be expressed by Equations (1) and (2)
[20].
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where, Iso represents the reverse saturation current, ¢ is an
ideality factor. RS and RP are respectively the series and
parallel (shunt) cell resistance. The photovoltaic module
characteristic (composed of NSceixNPce photovoltaic cells)
can be deduced from Equation (1) by entering the number
of cells arranged in series (NScei), and the number of strings
used (NPc) as shown in Figure 3.
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Figure 3. Photovoltaic array [14]

Photovoltaic modules are also arranged in series and in
parallel to form photovoltaic arrays. Equation (3) describes
the characteristic I-V of a PV array made up of NsxNp PV
modules [14].
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From Equation (3), it can be seen that the
characteristics of such a photovoltaic array strongly
depend on the irradiation and the temperature of the
photovoltaic cells. This explains the non-linearity of the
characteristic curves of the PV array.

2.2. Under Partial Shading Conditions

Under identical conditions (homogeneous distribution
of irradiation over the entire surface of the PV system), the
curve P-V in figure 4 presents a single maximum called the
MPP. But, in heterogeneous conditions (partial shading for
example), several maxima appear in this curve, so there are
local maxima and a single global maximum power point
(Global Maximum Power Point, G-MPP) (Figures 4-5).
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Figure 4. P(V) characteristic of a photovoltaic generator under PSC

The presence of local maxima leads under certain
conditions to non-optimal operation of the PV system,
especially when using conventional MPPT. If we take the
case of Figure 5 for example, where the operating point is
close to the first LMPP, this point can be deduced from the
intersection between the photovoltaic array characteristics
and the load characteristic. In this case, the use of a
conventional MPPT (P&O for example) causes the system
to operate in the nearest MPP (Figure 6), which is not the

real MPP G-MPP.

L-MPP

Power[W]

Voltage [ V]

Operating Point
(without MPPT)

ﬁ Closer PPM

Load
characteristic |-
%\'ﬂ

G-MPP

Current [A]
~

PV array
B characteristic

Voltage [V ]

Figure 5. Local and global MPP

To overcome this issue of confusion between L-MPP
and G-MPP, in this work, an adaptive multiple inputs and
single-output (MISO) Fuzzy Logic Controller is used for
tracking the G-MPP in real-time. The inputs of this
controller are the variation of the power and the variation
of the voltage between the terminals of the PV array. The
output is the variation of the duty cycle which is used to
control a Boost converter. A decision block is associated
with the fuzzy controller to vary the gain at the output of
this controller. This block uses the B parameter to detect
the existence of the PSC. In the case of the absence of the
PSC, the value of gain would be equal to 1 and the
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controller works like a conventional controller, and in the
case of the detection of the PSC, the value of gain is
replaced by a linear function to return the operating point
toward the vicinity of the G-MPP.

@I

v

Power[W]

AP
AV

Voltage[ V]

Figure 6. Operation principle of the P&O technique

3. PROPOSED TECHNIQUE

The technique proposed in this paper combines the
advantages of using a Fuzzy Logic Controller, especially
its flexibility and its possibility of self-adaptation, and the
use of the  parameter. This parameter helps to go from the
study of a system that presents a strong nonlinearity to the
evaluation of an equivalent linear model [19]. This method
is used for the first time in [21], and it has presented
important results, which explains the use of this technique
by many researchers [10], [15], [19], [22].

As a first step, this parameter is analyzed to limit these
possible values in a homogeneous meteorological
condition, Table 1 summarizes the results obtained. Note
that this parameter can be limited between two values
S_min =-916.6 and f_max = -181.7.

Table 1. Beta parameter variation

T=5°C | T=25°C
G =1000 W/m? | -480.7 -916.7
G= 100 W/m? -886.6 -181.7

When a PV array is consisting of m photovoltaic
modules, the process of tracking the actual MPP can be
replaced by an equivalent model on which the tracker
operates as a simple MPPT for a single PV module [19].
The beta expression for these equivalent modules is
described by Equation (4) [19]:

Iarray
ﬂeq = In(m) - C'Veq 4)
where, ¢ = g/(NS.a.K.T) and Vg is the equivalent voltage
of the key model responsible for the position of the G-MPP
in the characteristic I-V [19]. This voltage can be expressed
by equations (5) and (6) [19].
Veq = Varray -(n=)Vg +(m-n)V ®)

(6)

VMP,STC _VOC,STC

array +VOC,STC

IMP,STC
where, Vupstc, Vocstc and lve-stc respectively represent
the maximum voltage, the open-circuit voltage, and the
maximum current under standard test conditions, larray iS
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the current of the PV array, and n depends on the number
of PV modules (m) and the open-circuit voltage [19].

The value of § is measured instantly, and the current
value is evaluated at each instant, if this value is located in
the range [Bmin, fmax], it means that the operating point is
close to the true GMPP, the fuzzy controller, therefore,
operates in this case as a conventional controller.
Otherwise, where the instantaneous value of f is outside
the range [Bmin, fmax], the output of the fuzzy controller will
be determined according to Equations (7) and (8).

—abs(K.(B(t) = Brer ), 1f B(t) > Prnax

g = +abs(k.(B(t) = Brer ). if B(t) < Brin (7
1 if ﬁmin < ﬂ(t) < ﬂmax
Bret = (ﬁmax = Bhrin )2 (8)

where, k is a normalization factor.

The internal structure of the FLC is described in Figure
7, and the set of fuzzy rules used are shown in Table 2. We
adopted the Mamdani Min-Max type fuzzy inference
system, with centroid defuzzification type. The diagram of
the presented technique is summarized in Figure 8.

AP

AD

Figure 7. Structure of the fuzzy logic controller used

Table 2. Fuzzy logic controller rule base

DV
NE ZE PO
DP NE NE ZE PO
ZE ZE ZE ZE
PO PO ZE NE

Figure 8. Diagram of the proposed technique

The parameters of the Boost converter are chosen to
guarantee optimum operation of the latter at a switching
frequency (fc) of 10 KHz. The choice of these parameters
is made while respecting the following two conditions:

- The value of the inductance is much higher than the
critical inductance defined by (9) [12]:
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- The value of the capacitor must be higher than a
minimum value defined by (10) [12]:
_ Vy.DR
™AV, f.R
where, AV is the ripple voltage.
By respecting the conditions mentioned in (9) and (10),

the values used in the Boost converter are mentioned in
Table 3.

(10)

Table 3. Main components specification for the boost converter

Parameter Value
Switching frequency | 10 KHz
Inductance, L 0.24 mH
Input Capacity, Cin | 120 uF
Output Capacity, Cout | 220 uF
Load, R 25Q

4. RESULTS AND DISCUSSIONS

To assess the performance of the technique presented
in this article, several tests were carried out under varying
operating conditions in the presence and even in the
absence of the phenomenon of PSC. To do this, a PV array
consisting of 3 PV modules arranged in series has been
chosen, each PV module produces 60 W under standard
test conditions. To simulate the phenomenon of PSC, we
have adopted several scenarios in which the three PV
arrays are used with different degrees of irradiation.
Figures 9 and 10 present the simulation results obtained for
two different cases:
- 1st case: 900 W/m? - 400 W/m? - 600 W/m?
- 2nd case: 400 W/m? - 400 W/m? - 900 W/m?

Global |-V & P-V characteristics
PSC : 900 - 400 - 600

IS

Current (A)
~ w

L L
20 60

L
10

L-MPP 1 L-MPP 2 G-MPP
100 N - \\
=% X:15.83 o -
g : SRR X:56.29
60| Y:49.7
@ ] Y:76.09 Y:80.77
g 40 \
o
20
o
0 10 20 30 40 50 60 70
Voltage (V)

Figure 9-a. Global characteristics under partial shading (case 1)

From the obtained results of the simulation, it can be
remarked that the adaptive Fuzzy Logic Controller
presented makes it possible to follow the real MPP in the
case of the presence of PSC. Indeed, the operating power
point of the photovoltaic system in the case of PSC is
certainly the Global MPP, regardless of the degree and the
distribution of shading presented. It is also noted that this
G-MPP is reached with minimal time and without major
disturbance.

134

of Engineering” (I1JTPE), Iss. 47, Vol. 13, No. 2, Jun. 2021

a0

T T
G-MPP
80
P e i) - - - X3 -===
70b + .- -7 X: 300 Y: 80.52
3 L-MPP 2~ Y:76.1
60
Z 50
T
w
Zaor
o
30
20
— Adaptive FLC
10 - - =P80
0 \ \ \ \ .
] 100 200 300 400 500
Time([s]

Figure 9-b. Simulation results of the presented technique and the
conventional P&O commands (case 1)

Global I-V & P-V characteristics
400 W/m2- 400 W/m2 - 900 W/m2

N

—gl
<
=
Eol
E
3
Ot \
0 . . . . . L
0 10 20 30 40 50 80 70
80 : : S
L-MPP X:15.53 X:54.94
=60 \ Y¥:49.43 Y:77.91
2 .
G40
H
o
oot
0

30 40
Voltage (V)

20 50 60 70

Figure 10-a. Global characteristics under partial shading (case 2)
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Figure 10-b. Simulation results of the presented technique and the
conventional P&O commands (case 2)

To fully understand the advantages of the proposed
technique, a quantitative study is performed, in which a
comparison between the said technique and the
conventional P&O techniques is made. Table 4
summarizes the results obtained.
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Table 4. Quantitative comparison between the proposed technique and the conventional P&O technics

Maximum Power Points (W) P&O Proposed MPPT
PSC MPP-1 MPP-2 MPP-3 GMPP (W) Tracked Efficiency (%) Tracked Efficiency (%)
power power

STC 178.7 * * 178.7W 1781 W 99.66 1785 W 99.88
900

400 49.7 76.09 80.77 80 W 76.1W 94.21 80.52 W 99.69
600

400

400 49.43 77.91 x 77.91W 45.04 W 57.81 7719 W 99.07
900

1000

400 45.44 88.14 x 88.14W 85.23 W 96.69 87.46 W 99.22
700

1000

400 45.42 78.05 x 78.05W 4512 W 57.80 77.29 W 99.02
400

Table 4 shows that the flexibility of the studied
technique does not influence its performance particularly
under homogeneous conditions (in the absence of PSC), or
even after the appearance of PSC. On the other hand, in the
P&O control, it is not possible to distinguish between L-
MPP and G-MPP, which leads to a remarkable decrease in
the efficiency of the system.

5. CONCLUSIONS

In this work, a real-time Fuzzy Logic Controller with
an adaptive gain is presented to track the MPP in a stand-
alone PV system. Gain adaptation is used to solve the
problem of the occurrence of the PSC phenomenon which
causes a decrease in the efficiency of the MPP Tracker due
to the appearance of local minima in the characteristic
curves of the PV array. This adaptation is based on the
study of the variation of the beta parameter. The simulation
results showed the effectiveness of the proposed technique
whether under homogeneous conditions or in the case of
PSC. This technique has excellent performance over a
wide power range and can be used on any type of PV panel
because it does not require any predefined parameters on
the PV modules used. Quantitative comparison was made
between the presented technique and conventional
trackers. The obtained results showed that this technique
makes it possible to overcome the problem of PSC since it
makes it possible to follow the real MPP (G-MPP) at all
times whatever the degree and distribution of shading
presented.

NOMENCLATURES

1. Acronyms
PSC Partial Shading Condition

MMPT Maximum Power Point Tracker
GMMPT  Global Maximum Power Point Tracker
P&O Perturb and Observe

PV Photovoltaic

L-MPP Local Maximum-Power Point

FLC Fuzzy Logic Controller

STC Standard Test Conditions

2. Symbols / Parameters
Iso: The reverse saturation currents
o An ideality factor

Rs: The series resistance of the photovoltaic cell

Rp: The parallel (shunt) resistance of the photovoltaic cell
NScen: The Number of cells arranged in series

NSceni: The number of strings

STC: Standard Test Conditions

Vwmp-stc: The maximum voltage under STC

Vocstc: The open-circuit voltage under STC

larray: The current of the photovoltaic array
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