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Abstract: Photovoltaic (PV) is a highly promising energy source because of its environment friendly
property. However, there is an uncertainty present in the modeling of PV modules owing to varying
irradiance and temperature. To solve such uncertainty, the fuzzy logic control-based intelligent
maximum power point tracking (MPPT) method is observed to be more suitable as compared with
conventional algorithms in PV systems. In this paper, an isolated PV system using a push pull
converter with the fuzzy logic-based MPPT algorithm is presented. The proposed methodology
optimizes the output power of PV modules and achieves isolation with high DC gain. The DC gain is
inverted into a single phase AC through a closed loop fuzzy logic inverter with a low pass filter to
reduce the total harmonic distortion (THD). Dynamic simulations are developed in Matlab/Simulink
by MathWorks under linear loads. The results show that the fuzzy logic algorithms of the proposed
system efficiently track the MPPT and present reduced THD.

Keywords: fuzzy logic control; maximum power point tracking; photovoltaic; push pull converter;
off-grid voltage source inverter

1. Introduction

Energy is the need of the modern world, but its conventional sources are depleting with each
passing day, which includes thermal, nuclear, and natural gas [1-3]. These sources are insufficient
and not environment friendly [4,5]. Therefore, it is becoming imperative to find alternate sources
of energy that can meet the requirements of energy in the future and should be environmentally
friendly [6]. High prices of electrical energy from thermal power plants and intermittency of renewable
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energy sources [2] move extra emphasis towards hydro-thermal scheduling [7]. Additionally, owing to
the continuous diminishing of conventional sources [1,2], the active power generation and the
control and compensation of reactive power are becoming the focus for the economic dispatch [8-12],
and researchers have also found the way to optimally generate, shed, and forecast the electrical
power [13-15]. Recently, solar energy has become one of the free, clean, and reliable sources of
energy [3,16].

Neeraj et al. employ hybrid neural network and fuzzy-logic control for maximum power point
tracking (MPPT) of photovoltaic (PV) [17], while Gul et al. use a fuzzy controller that depends on a
distinct combination of inputs and outputs to track MPPT [18]. Ref. [19], ant colony optimization (ACO)
algorithm with MPPT is used in case of the hybrid PV-wind system to produce power for rural areas.
Moreover, an advanced MPPT method considering temperature variability for a PV system to attain
maximum tracking performance is designed by [20]. Therefore, with the passage of time, various MPPT
techniques such as incremental conductance (IC), perturb and observe (P&O), and artificial neural
networks (ANN) are developed to ensure maximum gain from solar modules [21-23]. Furthermore,
in Ref. [24], the center of inertia technique is used to evaluate the performance of an electronic
inverter-based PV power system. However, these techniques have shortcomings including an inability
to track continuous power and oscillations near the maximum point. Furthermore, conventional
techniques are not able to detect the maximum power point accurately when weather conditions change
rapidly [25] and computational time is relatively long to calculate the maximum power point. Usually,
single switch buck-boost converters are used with these conventional techniques [26]. These converters
do not provide the isolation between input and output sides and a high voltage conversion ratio.
From the system point of view and utilization of AC loads, the conventional converters produce DC
voltages from the PV panels and then invert it into AC through the open loop inverters. These inverters
present high total harmonic distortion (THD) [27-30]. Therefore, an active, computationally fast,
resilient, and efficient MPPT algorithm is required.

In this paper, a fuzzy logic controller is employed for MPPT to overcome the aforementioned
shortcomings by tracking the maximum power point (MPP) in real time. Fuzzy logic based control
offers an advantage in that it does not oscillate near the MPP [31,32]. This kind of control is unique
for push pull current-fed boost converters where the high frequency transformer is used to provide
the galvanic isolation between the input and output side along with a high conversion ratio [33,34].
DC voltage is inverted to AC through a voltage source inverter (VSI) with a fuzzy logic closed loop
controller, which improves the power quality of the AC voltage and provides very low THD. In this
work, 5% THD is considered, which is tolerable according to the Institute of Electrical and Electronics
Engineers (IEEE) standard [35].

The proposed work covers many of the shortcomings mentioned in the introduction section.
However, to distinguish the proposed research from the previously published literature, the main
contributions of this proposed work are summarized as follows:

1.  Design of fuzzy logic based MPPT, which can track the continuous power without oscillations
and noise near the maximum point.

2.  Implementation of a push pull current-fed boost chopper in which high frequency transformer
is used to provide the galvanic isolation between input and output, along with a high
conversion ratio.

3. Implementation of a voltage source inverter (VSI) with a fuzzy logic closed loop controller,
which improves the power quality of the AC voltage and provides very low THD.

4. Applications of two fuzzy logic controllers (FLCs) are employed in the proposed system and each
has its unique fuzzy rule. The first one tracks the MPPT, and the second is used in VSI with a
proper designed low pass filter to reduce the THD value.

Furthermore, a comparative section is added at the end, which is based on the literature on the
fuzzy logic principle. The comparison includes the methodology used with fuzzy logic, implementation
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complexity, generalization in terms of symmetrical and asymmetrical membership function, inputs to
the membership functions, hardware implementation, noise and oscillations near MPP, THD analysis,
and the proper filter design. This comparative analysis also distinguishes the proposed research from
the previously published literature. As a result, the proposed work has advantages in term of simple,
accurate, and faster convergence to the operating point with minimum noise and THD levels.

This paper is organized as follows. An equivalent circuit for an individual PV cell based on a
single diode model is presented in Section 2 that serves as a basis for MPPT and defines the proposed
methodology. The push pull converter and its design aspects are explained in Section 3, while the
fuzzy logic based MPPT algorithm is described in Section 4. Furthermore, the push pull converter,
VSI, and low pass filter design are explained in Section 4. Simulation results and discussions are in
Section 5 and, finally, the conclusions are drawn in Section 6.

2. Proposed Work Methodology

Before discussing the proposed work topology and fuzzy logic control, it is important to elaborate
on the equivalent solar circuit.

2.1. Solar Cell Equivalent Circuit

The equivalent circuit of the solar cell is presented in Figure 1 and indicates a current source is
connected with parallel diode. Here, R, is a series resistance, Ry, is connected in parallel, while R; is
the load resistance. The reverse saturation current of the diode is Is. The resistance Rp is very high
compared with R,.. The diode anode current and Vpy can be obtained as [36] by applying Kirchhoff
current law (KCL) to the solar cell equivalent circuit:

V
Isource — Id - R_d - Ipv =0 (1)
P
qvd
I; = I (eNkT —1) (2)
Vpv = Vg — Reelpy ©)
—T1 W

]SOHVC@ A D Rp

Figure 1. Equivalent circuit of practical single diode model solar cell.
2.2. Proposed Topology

An isolated photovoltaic system is designed for a 500 W solar panel with a fuzzy logic MPPT
algorithm. Fuzzy logic closed loop voltage source inverter and low pass filter are employed. Figure 2
shows the proposed system components. Both the voltage and current of the solar PV array are
measured to calculate the power. On the basis of the present and previous values of power and
current, error and change in error are computed for the fuzzy logic controller that gives the fuzzy
rules. On the basis of these fuzzy rules, the fuzzy logic controller sets the duty ratio for pulse width
modulation (PWM), 40 kHz triangular wave is compared with the fuzzy logic controller output.
The PWM generator produces the switching signal for push pull boost converter switches (which are
insulated-gate bipolar transistors (IGBTs)). The push pull boost converter boosts the 60 V DC to 340 V
DC. Then, the DC voltages are inverted into 220 V AC through voltage source inverter (VSI). The low
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pass filter removes the high frequency harmonic content. The switching of VSI is performed through
the unipolar sinusoidal pulse width modulation (USPWM) generator and the unipolar switching
technique is employed to mitigate the low order harmonic contents.

Push Pull Voltage
»| Boost »| Source »| LCL Filter > COES m;wr
Converter Inverter 03
N i‘;ﬁ PWM USPWM | i“”ogi’c B
Controller Generator Generator Controller

Figure 2. Block diagram of the proposed methodology. USPWM, unipolar sinusoidal pulse width
modulation; PV, photovoltaic.

2.3. Fuzzy Logic Control

In the fuzzy logic MPPT algorithm, voltage and current at each instant k are sensed to calculate
the active power [31]. The active power is then compared with the power at last instant k — 1 to obtain
the change in power (AP(k)). Similarly, the current at instant k is compared with the current at instant
k — 1 to achieve the current error (Al(k)). Afterwards, the power error is divided by the current error to
achieve the error (e), which is compared with the previous error to calculate the change in error (Ae(k))
as in Equations (4) and (5), respectively. In this way, error e(k) and Ae(k) become the crisp inputs of the
fuzzy logic controllers. The flow chart for fuzzy logic MPPT is shown in Figure 3.

Initialize

1&V

Measure V (k) and 7 (k)
Then find P (k)

L

Find AP and Al

l

Fuzzification K—

Fuzzy Rules Fuzzy Set

Defuzzification K—

{D (Dut

uty Cycle)

Figure 3. Fuzzy logic maximum power point tracking (MPPT) flow chart.
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In this work, Mamdani inference technique, A-type membership functions, and 49-element rule
base were used for the fuzzy logic control because of the fact that Mamdani inference technique is
efficient and straightforward in defining the fuzzy output sets and is more popular among researchers
than other inference techniques [37]. The A-type or triangular type membership function is used
because it has fewer complexities when splitting values (low, med, and high (Membership Function)
MF) comparing other membership functions. Moreover, it was observed that the triangle membership
function gives the faster response and less overshoot than others [38]. The 49-element rule base was
employed because it exhibits good performance [39,40].

AP(k)  P(k)-P(k-1)

e®) = X ~ Tl =Ik=1) @

Ae(k) =e(k) —e(k—1) (5)

Generally, a fuzzy logic controller consist of three components: (i) fuzzifier, (ii) inference, and (iii)
defuzzifier [41]. Each component is individually described below.

2.3.1. Fuzzifier

This component of the fuzzy logic controller receives the data from the input and analyzes them
according to the user user-defined chart called membership function. Fuzzifier receives the data in
the non-linear form and assigns them grade from 0 to 1. Membership functions have different shapes.
These shapes depend on the type of data, and but the common shapes are S, 7, A, and Z [30]. ‘A’ shape
has been used in this work for fuzzification operation.

2.3.2. Interference

The inference system consists of a fuzzy rule plays an important role in representing the expert
control or modeling knowledge between the input and output side. In the literature, different techniques
are used in the inference system. Mamdani inference technique with the fuzzy rule is employed in this
work. If-then else statements are used in the system for fuzzy inference [42]. For example, we consider
a simple two-input one-output example that has three fuzzy rules.

Rule(1) IF Xis A OR Y is B; Then Z is Cy
Rule(2) IF Xis Ap AND Y is B, Then Z is C3
Rule(3) IF Xis A; Then Z is C3

The fuzzy logic membership functions designer, fuzzy logic rule editor, fuzzy logic rules,
fuzzy logic member ship function input error, change in error, and membership function output are
shown below in Figures 4-7.

The following are the fuzzy rules in Table 1, which are used for desired MPP of push pull
converter PWM.

Table 1. Fuzzy logic rules for the push pull converter. NB, negative big; NM, negative medium; NS,
negative small; ZE, zero; PS, positive small; PM, positive medium; PB, positive big.

E
NB NM NS ZE PS PM PB

NB ZE ZE ZE NB NB NB NM
NM ZE ZE ZE NS NM NM NM
NS NS ZE ZE ZE NS NS NS
AE ZE NM NS ZE ZE ZE PS PM
PS PS PM PM PS ZE ZE ZE
PM PM PM PM ZE ZE ZE ZE
PB PB PB PB ZE ZE ZE ZE

Input
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Figure 7. Circuit diagram for the current fed push pull boost converter.

2.3.3. Defuzzification

In the defuzzification process, fuzzy logic controllers use the fuzzy rules to obtain the output
value. This output value of the fuzzy logic controller depends upon the method of defuzzification.
Hence, it is the gained value of a fuzzy logic controller with respect to the label value in the fuzzy logic
membership function. Seven fuzzy membership functions were used in this research, as enlisted in
Table 1. These seven functions are negative big (NB), negative medium (NM), negative small (NS),
zero (ZE), positive small (PS), positive medium (PM), and positive big (PB). During the defuzzification,
the FLC converts the fuzzy logic value into a data value. Numerous methods are available for the
defuzzification process such as the average weight (AW) method, center of gravity (COG), mean of
maximum (MOM), and smallest of maximum (SOM) [30]. The COG method is used for MPPT in
which all fuzzy values are converged at one point [26]. The fuzzy logic rules are used in the push pull
boost converter design for MPPT, which is given in Table 1 [42].

3. Push Pull Converter and Its Design Aspects

The push pull converter consists of a centrally tapped transformer, two push pull switches Q;
and Q, series inductor L, two rectifier diodes D; and D,, and a parallel capacitor Cy, as shown in
Figure 7. Push pull converter can operate in four states. By applying PWM, the designed inductor and
specifications of load ensure that the converter always operates in the continuous conduction mode
(CCM) [36,42].

A designed current fed DC-DC push pull boost converter is shown in Figure 7 and its operating
characteristics are given in Table 2.

Table 2. Design parameters of the push pull converter. PWM, pulse width modulation.

Parameters Values
Power 500 W

Input voltage 60V
Output voltage 340V

Turn ratio (n) 1:6

Switching frequency 40 kHz
Duty cycle 0.0523
Inductor 518 uH
Output capacitor 100 pF
Input Inductor current 9.38 A
PWM switching frequency 10 KHz
Input DC voltage 340V
Output voltage V rms

Resistive load 100 O
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This circuit consists of a center tap transformer, two push pull switches Q; and Q,, series inductor
L, two rectifier diodes D; and D;, and a parallel capacitor with the output load.
The turn ratio of the transformer is calculated as follows:

B 2V,(1-D)
n= T (6)
The switches” on and off time are selected as follows:
T 1
tonZE_(D_E):(l_D)T )
1
toff = (D—E)T ()]

When both switches are in an off state, the voltage across these switches is double. This voltage
stress is compensated by selecting a transformer tapping voltage as follows:

Vo, = 1.05% Vin,max )

During the dead time, when both switches are in the off position, the inductor increases in a linear
mode of operation.

2LAI
Vin = 7 (10)
of f
When only one switch is on, the energy is transferred to the secondary side of the transformer, then
2LAI
Vo= Vi + (11)
on
Hence,
Vin X toff 1
Vo=Vipg+ ————=Viy X —— 12
0 m + ton m 2(1 _ D) ( )
The input current of the inductor with efficiency 1 is given by the following:
Po
=0 13
= o (13)

The inductor size is selected carefully, a very value inductor may cause the converter to operate in
the discontinuous mode and very high-value inductor may cause an increase in the size and weight of
the converter.

Al = xI; (14)
where 0.05 < x < 0.3 for optimal operation.
2LAI
= -D)= —— 1
Vin = Vo x2(1-D) Foff (15)
Rearanging the equation

LAI = Vo><2(1—D)><(D—%)T (16)

Or v
(Ao = T (17)

max 16Lf‘s
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The proposed converter operates in CCM; therefore, minimum inductance is required at the
output side, which is calculated as represented in Equation (18).

Vo

L= Tox £ (aD) (18)

max

To operate the converter in CCM, the value of the output side capacitor is calculated as shown in
Equation (19).
P,(2D-1)

Co=—2—"—1_
07 AV, x V2 x £,

(19)
where V, is DC ripple voltage, which is 3% allowable.

The proposed converter topology offers the benefit of isolation between the input and output
side, maximum efficiency, constant input current, high voltage conversion, the minimum number of
switches, simplicity of configuration, and thus low conduction losses. Furthermore, there is no need
for a filter capacitor at the input side that makes the system simple and compact [34].

4. VSI and Low Pass Filter Design

In the proposed system, a single-phase full bridge inverter is used to feed the consumer load,
which inverts the 340 V DC into 220 V AC at 50 Hz frequency. The unipolar sinusoidal pulse width
modulation (USPWM) technique is used to turn on/off the inverter switches. This technique reduces
THD and power losses during switching [26]. In USPWM, two control signals are used: a sinusoidal
wave and its 180° out of phase version at 50 Hz. These control signals are compared with high
frequency triangular carrier signal of 10 kHz. Control signal 1 is compared with the carrier signal,
resulting in a logic signal that generates the output voltage between 0 and +V,;.. Control signal 2 is
compared with the carrier signal, resulting in a logic signal that produces the output voltage between 0
and +V.. In every inverter, a filter is necessary for improving power quality. Therefore, a low pass
filter is used for smoothing the output current from VSI. The LCL filter is shown in Figure 8.

© © k|

DC/ACVSIInverter ~~~~~~~ """ T T T T oo oo oo oomomooooooo
Figure 8. Application of LCL filter in PV system.

The components of the filter are obtained as represented in Equations (20)—(25).
The filter value refers to base impedence

En?2  Vy?
P, Py

Zy, = (20)
where Z;, is the base impedance and Vi and P, are the output voltage and power of the inverter,
respectively. The maximum power variation is considered as 5% and the base impedance is adjusted
as computed in Equation (21):

Cr=0.05C (21)

where L; is inductance on inverter side. For 10% ripple, L; is calculated by considering the rated
current of the inductor.
AT pmax = 0.1 Imax (22)
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Further, Inax is calculated as shown in Equation (23):

P
Imax = 7’; (23)

Lj is calculated as represented in Equation (24):

Vi
[ = —5 24
"7 16 £ Alimax @)
where f; is switching frequency and L, is calculated as follows:
Jz 1
L= —% (25)

Cfa)g

where K; is the attenuation factor and is taken as K; = 0.2, while ws = 2nfs is angular switching
frequency [41,43].

For LCL filter, derived parameters are L1 = 9.3 mH, L, = 37.5 mH, and C = 1.6 uF with the unity
power factor. The LCL filter designing algorithm is shown in Figure 9. After the filtration, (root mean
square) RMS output voltages are sensed for the fuzzy logic controller input. The output of the controller
is compared with the sinusoidal AC voltages at the fundamental frequency, and then PWM set the
duty of VSL

Input Data
By, for FansVoesVy

|

Base Values
Z, > C,

l I

Capacitor Size Inverter Side Inductor
C, =0.01+0.05xC, L — req.ripple%

l !

Required Attenuation
Factor £,

b—

Grid Side Inductor
k,—>L,

10/, < [, <0.5f,

Passive Dampng
R,

l

Delta or Wye Config.
Of C/:R/

| Cores, Winding, Turns

Figure 9. LCL filter design algorithm.
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The fuzzy logic structure of VSI is the same as the MPP push pull converter; however, the fuzzy
rules used in FLC of VSI are listed in Table 3.

Table 3. Fuzzy logic rules for the voltage source inverter (VSI).

E
NB NM NS ZE PS PM PB

NB NB NB NB NB NM NS ZE

NM NB NB NB NM NS ZE PS

NS NB NB NM NS ZE PS PM

AE ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB

PM NS ZE PS PM PB PB PB

PB ZE PS PM PB PB PB PB

Input

5. Results and Discussion

The proposed isolated photovoltaic system with a fuzzy logic controller, the current fed push
pull DC-DC boost converter, is presented here. The DC-DC boost converter operates in continuous
conduction mode, and the voltage source inverter with fuzzy logic closed loop and low pass filter are
simulated in Matlab/Simulink. The parameters of the employed PV array (Canadian solar CS5P 250-M)
are given in Table 4. The performance of the developed system is tested at different irradiance intensity
at 25 °C and a linear load of 200 (), as shown in Figure 10. Voltage and current are sensed to calculate
the power.

Table 4. Parameters of photovoltaic (PV) array.

PV Array Parameters
No. of Cells and Connections 96
Open Circuit Voltage 594V
Maximum Power Voltage 48.7V
Short Circuit Current 549 A
Maximum Power Current 514 A
Maximum Power 250.318 W
Diode saturation current 29177 x 10711
Diode ideality factor 0.93246
Shunt resistance 428.442 Ohm
Push-Pull Boost Chopper Voltage Source Inverter /LQL Filter_
et Tt it N
( o S =l
i o | AN [ B I |
= I I'Vo I ||| Load
I I
o & | D, L |
g i B ls |
L | *ll; o, ) /
3 j | ! b e
7 ——_ 1l ___ U'S. Pulse Width
PV Generator 'ny 1Ipv I |‘—| ! V. 5
->| Pulse Width Modulation [ P
= = = 3 L = o
- — L —— <«
FLC-based MPPT FLC-based VSI Control

Figure 10. Schematic of the proposed control architecture of the studied system. VSI, voltage source
inverter; FLC, fuzzy logic controller.
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In the first case, the system is simulated at a constant temperature of 25 °C and constant irradiance
1000 W/m?. It tracks the maximum power 250 W in a very small amount of time, approximately 0.005 s,
as shown in Figure 11.

L I____ I____ I____ I____ I_
1 1 i i i
—_ | | | | |
E o
< H H H H H
- | | | | |
Ny | | | | |
) I I I I I
= ——— =~ —
S | | | | |
~ | | | | |
{ { { { l»
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Time, 1(s)
~ A (a)
£1500 b---- e N N e o S S S
= o
2 I A A
= 1000 — T -
N
S | S S S S S S
ool N R S B
I
~ | | | | | | |
N~
NO | | | { | | | —p

0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Time, 1(s)

A (b)

—_ 2% R [ I R R
1 : T : T
~ | | | | | | |
&~ | I I | | I I
§ 25
N | | | | | | |
S I I I I I I I
S l : : : : : :
V24 b——- 44— — -t —— - —————
Q | | | | | | |
N | | | | | | |
S R R R R
23 3

0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Time, t(s)
(c)

Figure 11. Output: (a) Power verses time at; (b) constant irradiance; (c) constant temperature.

In the second case, the system is simulated for various irradiance levels as follows: 800 W/m? for
0.015 s, 600 W/m? for 0.03 s, and 1000 W/m? for the rest of the time. In this scenario, it again tracks the
maximum power point within the same designed spam of time (0.005 s) and gives the power of 200 W,
150 W, and 250 W, respectively, as shown in Figure 12. This power is tracked through the fuzzy logic
controller, where fuzzy rules are employed as given in Table 1.
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Figure 12. Output: (a) Power verses time at; (b) different irradiance and; (c) constant temperature.

On the basis of the designed fuzzy rules, the fuzzy logic controllers generate the fuzzy logic
PWM and decide what would be the duty ratio of the push pull boost converter switches shown in
Figure 13a. The push pull boost converter operates in four states. In state 1, when the switch Q is
on, then the inductor would discharge, and output voltage would be positive. In state 2, switches
Q1 and Q, are ON simultaneously. During state 2, the inductor is charged, as shown in Figure 13c,
that is, 4.3 A current flows, and the output voltage would be zero because the flux generated in both
windings cancels each other out. In this state, the output capacitor provides the voltage to the load,
which means that the capacitor would be discharged. In state 3, when the switch Q; is ON, then the
voltage would be negative. Similarly, in state 4, both switches are ON simultaneously for zero output
voltages, as shown in Figure 13b, that is, modified sine wave voltages, which are converted into 340 V
DC through the rectifier diodes D and D,, as shown in Figure 13d.



14 of 21

Energies 2020, 13, 4007

e e e e e

|

0

1=-==t1-t-—tF-|—+q-1-+t-71-rt-—F4+t-—1-1T-—-[+-

0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190

Time, t(s)

0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190

0

Time, t(s)
(a)

— |

| |

| |

I [ |
R

| |

| |

|

| |
]

i — |

| |

| |

S S
]

| |

| |

e

|
........ [N

0
-400 ===

(A) A ‘@3vj104

0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190

0

A

B e bt e e e

L — — — - ———

‘n
<

(V)1 “won)

3.0

0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190

0

400

(AU

00 f

N
‘233104

(=]

0.155 0.160 0.165 0.170 0.175 0.180 0.185 0.190

0

Time, t(s)

(d)

Figure 13. Output: (a) Fuzzy logic PWM; (b) transformer output; (c) inductor current; (d) DC

output voltage.
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The DC voltages are inverted into 220 V AC through the VSI. These voltages are sensed through the
voltage sensor and compared with the sinusoidal AC voltages; error and change in error are calculated
for fuzzy FLC. This controller generates the reference signal for the PWM generator, which operates the
inverter switches and is operated according to the fuzzy logic controller. The PWM of the inverter is
shown in Figure 14a. FLC generates the reference signal by using the fuzzy rules of Table 3, settled down
by removing the lower order harmonic content in AC voltages. However, these voltages still have the
higher-order harmonic content shown in Figure 14b. The higher-order harmonic contents are removed
through the low pass filter. The output voltages and current of inverter after removing the higher-order
harmonic content are shown in Figure 15, where Figure 15a presents the AC voltages and Figure 15b
shows the AC current, which is 1.5 A.

To check the quality of output voltages and current, the fast Fourier transform (FFT) analysis is
also carried out and obtained THD are shown in Figures 16 and 17. The FFT analysis of the proposed
algorithm provides only 1.41% THD for output voltage and current at 50 Hz.

To prove the validity of the conducted research, a comparison between the results of the fuzzy
logic-based MPPT algorithm is compared with P&O and incremental conductance algorithms available
in the literature, in the time domain function at irradiance 1000 W/m?2 and at 25 °C, as listed in Table 5.

= e e A
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Figure 14. Output: (a) Inverter fuzzy logic PWM; (b) output voltage before filter.
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Figure 17. FFT analysis of output current.

Table 5. Tracking time performance comparison [44]. P&O, perturb and observe; INC, incremental

conductance.
MPPT Algorithms Tracking Time of PV Power
P&O 0.300's
INC 0.250 s
Fuzzy Logic 0.005 s
Comparative Analysis

In this section, a comparative analysis is performed, which is represented in Table 6. The comparative
analysis is based on the literature on the fuzzy logic principle. The comparison includes the methodology
used with fuzzy logic, implementation complexity, generalization in terms of symmetrical and
asymmetrical membership function, inputs to the membership functions, hardware implementation,
noise and oscillations near MPP, THD analysis, and the proper filter design. This comparative analysis
also distinguishes the proposed research from the previous published literature. As a result, the proposed
work has advantages in terms of simple, accurate, and faster convergence to the operating point with
minimum noise and THD.
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Table 6. Comparative analysis of fuzzy logic based MPPT.

Noise and Proper
Ref. Methodology Implementation Generalization Input MFs  Hardware Oscillations THD Filter
Near MPP Design
Dual FL based . .
Proposed MPPT with PPC Simple Sym./Asym. membership AP/AT x x v v
[45] AFL based MPPT Simple Sym./Asym. membership A(AP/AI) v v x x
y . AP/AV,
[46] FL based MPPT Complex Asym. membership A(AP/AY) v v x x
FL based MPPT .
[32] with PSO Complex Asym. membership AP, AV v v x x
[47] FL based MPPT Complex Sym. membership AP, AV v v x x
/ . . AP/At,
[48] FL based MPPT Simple Sym./Asym. membership AV/At x v x x
/ . . AP/AV,
[49] FL based MPPT Simple Asym. membership AAP/AV) v v x x
[50] FL based MPPT Simple Sym. membership V,AV x v x x
[51] FL + P&O MPPT Complex Sym. membership AP, AI v v x x
- . AP/AV,
[52] FL + HC MPPT Complex Asym. membership AAP/AV) v M x x
[53] FL + FO MPPT Complex Sym. membership AP, AI v v x x

6. Conclusions

In this paper, an off-grid photovoltaic system with a fuzzy logic MPPT-controlled push pull boost
converter is designed. The proposed system is simulated in Matlab/Simulink and tested for various
weather conditions. The results proved the efficiency of the fuzzy logic algorithm, which ouperforms
the conventional algorithms in terms of MPPT accuracy and minimization of fluctuations, regardless
of irradiance rapid changes. In addition, the fuzzy logic-based controller designed for the VSI and the
adopted LCL filter allow to achieve high performance. The proposed interfacing system between the
PV generator and the load is very effective because the provided total harmonic distortion (THD) is
1.41%, which is in agreement with the IEEE standard at the operating frequency.
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