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This paper presents a comparative study of five maximum power point track-
ing (MPPT) control techniques in photovoltaic (PV) systems. The algorithms

evaluated include classical methods, such as perturb and observe (P&O) and
incremental conductance (IC), as well as intelligent approaches such as fuzzy
logic (FL), artificial neural networks (ANNs), and adaptive neuro-fuzzy infer-
ence system (ANFIS). Intelligent methods provide faster response times and
Keywords: fewer oscillations around the maximum power point (MPP). The structure of the
PV system includes a PV generator, load, and DC/DC boost converter driven
by an MPPT controller. The performance of these techniques is analyzed under
identical climatic conditions (same irradiation and temperature) in terms of effi-

Revised Oct 27, 2024
Accepted Nov 28, 2024

Boost converter
Conventional methods

Intelligent methods ciency, response time, response curve, accuracy in tracking the MPP, and others
Modeling considered in this work. Simulations were performed using MATLAB-Simulink
MPPT control software, demonstrating that ANNs and ANFIS outperform traditional methods
PV generator in dynamic environments, with FL being computationally intensive. P&O ex-
hibited significant oscillations, while IC a showed slower tracking speed.
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1. INTRODUCTION

Global energy demand continues to rise, traditionally relying on fossil fuels due to their high energy
potential. However, the depletion of these resources and their contribution to greenhouse gas emissions has
prompted the search for alternative energy sources. Renewable energy, particularly photovoltaic (PV), offers a
sustainable and environmentally friendly solution. PV systems harness solar energy to generate electricity. Still,
their efficiency highly depends on the system’s ability to track the maximum power point (MPP), which varies
with changing climatic conditions, such as solar irradiance and temperature. Maximum power point tracking
technology is crucial for optimizing the power output of PV systems. With its ability to adjust maximum
power point in real time, MPPT significantly improves the performance of photovoltaic installations, boosting
efficiency and profitability. The purpose of MPPT is to track and extract the maximum available power from
the PV module by adjusting its electrical operating point. To accomplish this, a DC/DC converter with an
MPPT controller is installed between the PV generator and load to adapt its resistance by adjusting the duty
cycle converter. Many MPPT approaches are utilized to operate PV systems at maximum power.

In review, various MPPT methodologies were suggested to extract the maximum power from the PV
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generators. The classical MPPT algorithms were relatively simple and easy to implement, such as fractional
short circuit current (OSC) [1]], [2], fractional open circuit voltage (OCV) [3[]-[S]], perturbation and observation
(PO) [6l, [7]], incremental conductance (IC) [8]]-[10], and hill-climbing (HC) [ 1], [12]]. Despite their simplicity
and gains in development, these techniques have limitations, most notably a slower response time, notable
oscillates around maximum power point in steady states, and low efficiency during rapid weather variations.

Nowadays, more sophisticated and intelligent techniques offer substantial advantages over classical
methods, such as simple implementation, the capacity to follow the MPP under whether operating conditions,
and faster convergence. These include metaheuristic algorithms, particle swarm optimization (PSO) [[L3], ant
colony (AC) [[14], artificial bee colony (ABC) [15], herd horse optimization (HHO) [[L6], cuckoo search (CS)
[[L7], and grey wolf optimization (GWO) [18] among others. These new approaches have improved response
time and systems oscillation; their main challenge is population initialization. Other intelligent approaches that
have proven robust in MPPT control, such as fuzzy logic (FL) [19]-[21], artificial neural networks (ANNs)
[22]]-[24]], and adaptive neuro-fuzzy inference system (ANFIS) [21]], [25], these techniques necessitate system
learning expertise and a database.

The goal of this paper is to conduct a comparative analysis of the efficiency of MPPT tracking us-
ing conventional perturbation and observation (P&O) and incremental conductance (IC) techniques, as well
as artificial fuzzy logic (FL), artificial neural networks (ANNs), and adaptive neuro-fuzzy inference system
(ANFIS) techniques. The criteria for comparison implemented in this study include the convergence time of
MPPT control, MPPT error, steady-state power oscillation, and effects on PV panel voltage (Vpv) and current
(Ipv) due to irradiation and temperature variations. DC/DC boost converter is used as an interface between the
PV generator and load.

The PV system proposed is simulated using MATLAB-Simulink software. Simulation results have
proven that the best technique is the adaptive neuro-fuzzy inference system (ANFIS), outperforming other
methods in MPPT controller performance, reducing the response time of PV systems, increasing efficiency,
and eliminating oscillations. The outcomes of ANNs are very similar to those of ANFIS. The fuzzy logic
technique (FL) produces good results, but its complex calculation system makes it take too long to compute.
Despite their effectiveness in implementing MPP tracking for climate change, conventional methods exhibit
oscillations around the maximum power point. The subsequent sections are organized as follows: i) Section
2 provides mathematical PV modeling; ii) Followed by an overview of the several MPPT approaches used
in section 3; iii) Section 4 describes the suggested PV system; iv) The simulation results are provided and
analyzed in section 5; and v) The document is concluded in section 6.

2. MATHEMATICAL PV MODELING

A PV panel mathematical model describes the electrical properties of a PV generator in terms of
physical and environmental factors, such as solar irradiation and temperature. A single-diode model [26]-
[28] shown in Figure 1 is commonly used to simulate photovoltaic panels, and is described by an equation
that relates the current and voltage characteristics of the panel under varying weather conditions. The current
produced by the PV cell, I,,,, is derived using Kirchhoff’s current law, accounting for the photocurrent I}, the
diode current /4, and the shunt current I4;,. This relationship is given by (1).

Ipv: ph_Id_Ish (])
The (2) expresses photocurrent, I, in terms of temperature and solar irradiation.
Iph - [Isc + Ki(Tamb - Tref)](G/G'r‘ef) (2)

Where I,.: short circuit current under standard test conditions (STC), (1000 W/m?2, 25 °C, AM1.5 spectrum);
Kj;: is the temperature coefficient of the cell; T,,,,; and T,..y: are working temperature and reference tem-
perature in Kelvin respectively; G and G,.y: are working irradiance and reference irradiance respectively
Grey = 1000 W/m?.

The diode current is defined by (3).

Iy =1, [ea:p<aq[‘{/dT) - 1} =1, [emp(W) - 1} 3)
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Where, ¢: Electron charge (1.6.1071 C); K: Boltzmann constant (1.38.10~2% Joules/Kelvin); a: Ideality
factor; and 7": PV temperature in Kelvin.

The diode saturation current I, can be determined using (4), where I, is the reverse saturation current
given by (5), and the relationship with temperature is governed by the exponential term.

: 1 1
T \®  [9Ee(m- — 7))
IS _ Irs. am ref amb 4
<Tref> exp{ aK @
ISC
I, = VAT (5)
emp(NSaKT> —1

Where Ej;: is the semiconductor bandgap energy=1.1 eV for S;.
The (6) represents the shunt resistance current [, which is found by the law of node.

Vv + Rs.1,,
Iy = ———=°1% 6
" Rsh ( )
The final relation of cell current I,,, given in (7) can be obtained by substituting (3) and (6) in (1).
q(V}w + RSIpv) VPU + RS.IPU
Ly, =1, — I A LAttt TN U (A e A58 7
p ph {exp < KT R @)

In order to increase the electricity produced by photovoltaic conversion, many cells are associated in
series and parallel [29] as illustrated in Figure 2. N, and N, present the numbers of series and parallel cells.
The current and voltage delivered by the PV array are expressed as in (8) and (9).

1, = Np.Ip, (8)

Va = Ns.Vpy 9

The photovoltaic array’s current is given by (10).

(10)

q(va+%;Rsla)) ] Vo + 3= Rsla

NyaKT ]ZX; R,

I, = Nplpp, — Npl, {exp<

The current-voltage characteristic of a solar panel describes the relationship between the current and
voltage it produces shown in Figure 3. Several key electrical properties define a solar panel’s performance,
including open circuit voltage (V,,), short circuit current (I,.), and maximum power point (MPP). Solar panel
output is affected by two main factors: solar irradiance and temperature. When solar irradiance decreases at a
constant temperature of 25 °C, the panel output declines as shown in Figure 3(a). On the other hand, when the
temperature rises at a constant irradiance of 1000 W/m?, the voltage decreases while the current remains steady
as seen in Figure 3(b).

Np
(Ns/Np)Rs Ia

vm‘ > VW 4
Id sh & 1 M\
Nplph
Iph Y/ T ....... S (Ns/Np)Rsh va
Rsh pv Ns . | ‘:( s/Np)Rsi

Figure 1. Solar cell circuit diagram Figure 2. Solar PV array formation
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Figure 3. I,,-V),, PV panel’s characteristics: (a) with a steady temperature of 25 °C and
(b) with a steady irradiation of 1000 W/m?

3.  STRATEGIES FOR MAXIMUM POWER POINT TRACKING
3.1. Maximum power point tracking (MPPT)

Figure 4 illustrates the power output of a PV panel as a function of the voltage at its terminals; this
is distinguished by a peak in panel power output. Figures 4(a) and 4(b) indicate that MPP changes with
weather conditions, so the MPPT approach is critical to keeping systems working at this optimum position.
This sub-section presents five techniques developed in this work, enabling MPPT. MPPT commands developed
are classical and intelligent. Classical perturbation and observation (P&O), incremental conductance (IC),

intelligent fuzzy logic (FL), artificial neural networks (ANNs), and adaptive neuro-fuzzy inference system
(ANFIS) methods are used first.
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Figure 4. P,,-V),, PV panel’s characteristics: (a) with a steady temperature of 25 °C and
(b) with a steady irradiation of 1000 W/m?

3.2. Classical techniques
3.2.1. Perturb and observe (P&O)

P&O is a commonly used approach to MPPT research, because it’s simple and only requires voltage
and current measures of PV generator V), I, [30], [31]]. The flowchart of the P&O algorithm is illustrated in
Figure 5. Il operates with a fixed step size. This algorithm is based on perturbation of PV panel voltage, then
calculates PV panel power P,, (k) at time k, and compares it with previous time P,,(k — 1) which determines
whether the derivative of power is positive or negative. A positive derivative means the operating point is
approaching the MPP, the search direction is retained. When the operating point exceeds MPP, the power
derivative becomes negative, and the search direction must be reversed to move back to MPP. The direction of

searching defines whether the control is increasing or decreasing duty cycle D. At maximum power, the power
derivative is null.

3.2.2. Incremental conductance (IC)

The IC algorithm is also based on the variation of module power with voltage [10], [31]. The power
variation is given by (11), solving this equation equal to zero at MPP as (12) shows, positive to the left according
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to (13) and negative to the right of maximum according to (14). The flowchart of the IC algorithm is presented

pv = va(k) - va(k -1
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in Figure 6.
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Figure 5. The P&O flowchart

L3

Mesure V. Iy,
AV =V(k)—V(k—1)

A = I(k) —I(k—1)

Increase Decrease Decrease Increase
duty cycle duty cycle duty cycle duty cycle

Figure 6. The IC flowchart

(1)

12)

(13)

(14)

Advancing solar energy harvesting: Artificial intelligence approaches to ... (Meriem Boudouane)



60 a ISSN: 2088-8694

3.3. Intelligent techniques
3.3.1. Fuzzy logic (FL)

FL is an artificial intelligence technique inspired by human reasoning formalism that introduces lin-
guistic variables and rules. MPPT fuzzy controllers are implemented in three phases: fuzzification, inference,
and defuzzification [21], [32]]. Figure 7 shows the fuzzy controller structure.

Fuzzification is the transformation of numerical variables to fuzzy variables (linguistic variables) by
associating truthfulness rules with them. In fuzzy inference, rules (and results) are constructed based on lin-
guistic variables, each rule is assigned a truthfulness value, and the rules are then aggregated to obtain a single
(linguistic) result. In defuzzification, a linguistic result is converted to a numerical result.

E is error represents the slope of the (P, V) curve and CE is variation of error, as provided by (15) and
(16), respectively.

AP(k) P(k)—Pk-1)

TAV(E) V) —V(k=1) (15)

CE(k) = E(k) — E(k — 1) (16)

E(k)

Input linguistic variables are expressed as negative big (NB), negative small (NS), zero (Z), positive small (PS),
and positive big (PB). The output variable is expressed as zero (Z), small (S), medium (M), big (B), and very
big (VB). The following Table 1 presents a list of various rules employed in fuzzy controller. Then Figure 8
shows the structure of membership functions E, CE, and D.

Table 1. Fuzzy control rules

B cE NB NS z PS PB
NB Z Z Z B M
NS Z Z S M B
Z Z S M B VB
PS S M B VB VB
PB M B VB VB VB

E ::l
CE Fuzzification]——[ Inference ]—-[Defuzzification]—‘D

Figure 7. Fuzzy controller structure
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Figure 8. E(k), CE(k), and D membership functions
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3.3.2. Artificial neural networks (ANNs)

ANNSs are one of the most powerful artificial intelligence techniques. ANNSs are inspired by the
processing methodology of the human brain and have yielded the best results in many applications, including
controlling MPPT in PV systems [33]-[35]. The basic element of the artificial neural network is the artificial
neuron shown in Figure 9, which is a mathematical model of biological neuron. It’s composed of three basic
elements: a set of connections to various inputs x; each with a weight w;, a summator to calculate a linear
combination of inputs z; weighted by coefficients w; expressed by (17), and an activation function f to delimit
the neuron’s output y.

S = Zwi.mi — Wo (17)
i=1

Neuron output y equals the activation function value given by (18). The activation functions commonly used
are the Heaviside and Sigmoide function.

y= 1(( Y s — ) (18)
i=1

Neural networks are structured by some nodes (neurons) interconnected by directional connections.
Every node is a processing unit, with links representing causal relationships between nodes. The nodes are
organized as layers, illustrated in Figure 10 input, hidden, and output layers [23]], [24]]. The ANNs principal
task is the learning process, performed through an iterative process of adaptation of weights w; to achieve
optimal function output D for each input combination (G, T). w; values are randomly initialized and error-
corrected between D); values obtained and those expected.

Input Hidden Output
layer layer layer
\
G
Inputs Output D
T
Figure 9. Artificial neuron structure Figure 10. ANN structure

3.3.3. Adaptative neuro-fuzzy inference system (ANFIS)

ANFIS is an artificial neural network based on the fuzzy inference system. Combine the advantages
of both complementary techniques neural network learning capability plus fuzzy logic flexibility and read-
ability [21]], [25]. ANFIS-MPPT controller is one of the strongest controllers for a PV system, featuring less
fluctuations around MPP optimized point, fast tracking speed, and short computation time.

ANFIS Simulink model controller is presented in Figure 11(a). ANFIS adaptive network consists
of a multi-layer network. Figure 11(b) illustrates the ANFIS controller structure used in this work, which is
composed of five layers.

Layer 1 contains system inputs (irradiation G, temperature T). Layer 2 “fuzzifies” inputs G and T. Each
node in this layer calculates the membership degrees of input values using membership functions. Six triangular
membership functions are used, three for irradiation and three for temperature, as illustrated in Figures 11(c)
and 11(d). Layer 3 is a fuzzy rules layer. Layer 4 enables normalization and computes output rules. The output
(’summing”) layer contains a single neuron that provides the ANFIS output by summing the outputs of all
defuzzification neurons.
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Figure 11. ANFIS: (a) Simulink model controller, (b) controller structure, (¢) membership function of
irradiation, and (d) membership function of temperature

4. PROPOSED PV SYSTEM

The PV system recommended in this study is illustrated in Figure 12. It comprises a PV generator,
resistor load, and DC/DC boost chopper driven by an MPPT controller. MPPT control is necessary to push the
PV panel to run and extract maximum power under various weather situations. In this work, five distinct MPPT
approaches were developed. The MPPT controller continuously receives voltage and current measurements
from the PV generator and adjusts duty cycle D of the pulse width modulation (PWM) signal produced by the
PWM generator. The system has been examined using MATLAB-Simulink.

4.1. PV panel

In this research, the simulation is performed using an API-M260 PV module. This PV module is
tested under various irradiance and temperature conditions. Table 2 lists the major technical specifications for
this PV module.

4.2. DC-DC boost chopper

A DC-DC chopper is an electronic power circuit that connects the PV generator to the load [36], [37].
The selected converter is the boost, the relationship between voltage and current input and output is determined
by (19) and (20). Its main components are an inductor, two capacitors, and a transistor. A high-frequency
switching signal (PWM) applied to the transistor gate controls power transfer between the PV generator and
the load. The electrical parameters for the boost converter are shown in Table 3.

V,
Vout = Lk 19
t=1_p (19)
Iout
I, = 2
pr 1-D (20)

Where V},, and Vj,,; are PV panel and chopper output voltages respectively; I, and I,,; are PV panel and
chopper output currents respectively; and D is the switching period’s duty cycle.
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Figure 12. PV system diagram

Table 2. PV panel electrical parameters under standard test conditions (STC)

Electrical parameter Theoretical value
Maximal power ( Py, q4) 260 W
Voltage at maximal power (Vinpp) 30.6 V
Current at maximal power(Impp) 85A

Open circuit voltage (Vo) 378V

Short circuit current (Isc) 8.8 A
Temperature coefficient of Vo, —3.564.10"1%/°C
Temperature coefficient of Is¢ 5.3727.1072%/°C

Table 3. Boost converter’s electrical parameters

Electrical parameter Value
Input capacitor (Cjp,) 1 mF
Output capacitor (Coyt) 220 uF
Inductor (L) 18 mH
Switching frequency f 10 KHz

5. RESULTS AND DISCUSSION

Simulation of the PV system model has been performed on MATLAB-Simulink software, as shown in
Figure 13. Simulation is run for all five MPPT control methods developed in this work: P&O, IC, FL, ANN:ss,
and ANFIS. The P&O, IC, and FL controllers have the same inputs voltage V,,, and current I,,,,, whereas ANNs
and ANFIS controllers have inputs are irradiation G and temperature T. To evaluate the performances of the
various controllers, the model is simulated and tested under various weather conditions, as shown in Figure
14. During time interval [0, 0.5 s] the PV generator is operated at standard weather test conditions (G = 1000
W/m?2, T=25 °C. The temperature remains constant during the interval [0.5 s, 1 s], while irradiance decreases
to 600 W/ m2. The drop continues at 300 W/ m? for 32 °C at interval [1 s, 1.5 s]. At temperature 30 °C,
irradiation increases to 700 W/ m? during [1.5 s, 2 s]. In the interval [2s, 2.5 s] the irradiance decreases to 500
w/ m?2 at 27 °C. Lastly, the temperature remains constant as irradiance increases to 900 W/ m>2 during [2.5 s,
3 s]. To verify the comparative performance for a more formal tone between the five controllers, simulation
results illustrated in Figure 15 are analyzed below.

Simulation results of power provided by PV panels under different weather conditions are shown in
Figure 15. All five MPPT controllers demonstrated their capacity to track the maximum power point (MPP)
under sudden changes in irradiance and temperature. The power outputs consistently converged toward theo-
retical maximum values, with varying levels of efficiency and stability across the different algorithms. High
oscillations are observed for P&O control followed by the IC method, reduced by FL control, and almost zero
for ANNs and ANFIS techniques. Tracking time is the longest for the IC method, which is its main drawback,
whereas all other methods have comparable response times. Numerical simulation values for maximum power
are given in Table 4. PV generator efficiency, power overshoot, power undershoot, and ripple around maximum
power point (MPP) are also mentioned. PV generator operates under theoretical MPPT for all tested methods
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(P&O, IC, FL, ANNSs, and ANFIS) with acceptable error levels, lowest errors are found for ANNs and AN-
FIS methods. Efficiency is above 99% for all methods studied in this work. No overruns are observed, and
underruns are reasonable for all orders. The FL, ANNs, and ANFIS intelligent methods are the closest to the
optimum. The ANNs and ANFIS techniques have very close results, the best being ANFIS. Numerical ripple
values of P&O control are greatest among other techniques, reaching 0.23 W. ANNs and ANFIS approaches

have the lowest ripple values, ranging between 0.0013 W and 0.005 W for ANNs and from 0.001 W to 0.007
W for ANFIS.

Display
Vev

P 4 D
= B x [Ipv) lpv  MPPT_control

<I_PV=

Irradianoj_, Ir L
&8 -
| T

Temperature PV module

Figure 13. PV system model simulation

1000 32

_ 900 _31
N D)

§ 800 30
o

= 700 529
3 -
o <

£ 600 o 28
2 £

@ 500 27
£ 2

400 26

300 25

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
Time (seconds) Time (seconds)

Figure 14. Inputs weather conditions for PV generator

250

15604
156.02)

N — a
v
57,97 [ T P e BB
200 | 15598, -
57.98 0706 07070708 0709 071
04051 04052 04053 74.78] NAAAAA AN

w0 Y
s = 74.776] R IAYA) 7
g o e — — 79 oA 207 2702 2708 208 b YAV ATV SVSTRY
3
[ 2615 262 2625 263
I\ 2s7e -
100 Il 176
0.4050.406 0.407 0.408 0.400 1662, r
1776 1288}
A p bt Q P
50 [— 250/ A 177.2] —
1558 1992 19 1% tee 2 12eg———
20| " 31 2102 2104 2106 2108 211
0704 0706 0708 071 R N
150/ 7]
o

o o001 002 005 004 12 1205 121 1215

0 05 1 15 2 25 3

Time (Sec)

Figure 15. Output power for algorithms MPPT proposed under various climatic conditions

Classical control methods offer contrasting advantages for a more precise description: P&O is char-
acterized by high oscillations, while its response time is lower than IC’s. FL. combines the two advantages of
low oscillations and comparable response time to PO. In this study, ANNs and ANFIS approaches have the
lowest response times, and values are very close. ANFIS is the best for this criterion. Results are given in Table
5. PV panel electrical voltage and current waveforms at maximum power point (MPP) are shown in Figure
16. Numerical results are close to theoretical results for Impp current and Vmpp panel voltage under different
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weather conditions, as shown in Table 6. The highest oscillations are found for the P&O method, improved
with the IC technique. FL and IC current oscillations are close. The lowest current and voltage ripples are
reported by ANNs and ANFIS.

Intelligent approaches (ANNs and ANFIS) have proven robust MPPT control for PV systems com-
pared to conventional methods for a more formal tone. Moreover, these Al techniques for better clarity are
simple in implementation, requiring only two voltage and current sensors. FL requires improvement to re-
duce system computation time. On the other hand, Al techniques are more complex to implement, Table 7
summarizes the main characteristics relating to the complexity of the techniques studied. FL demands a long
computation time due to software complexity, and requires a solid mastery of PV parameters; ANNs and AN-
FIS require a database of the pairing (G, T), a learning system, plus sensors for voltage, temperature, and
irradiance.

Table 4. MPPT simulation results at different weather conditions

Atmospheric G(W/ m2) 1000 600 300 700 500 900
conditions T(°C) 25 25 32 30 27 27
Praz(W) (Theoretical value) 258 156.04 74.78 177.88 128.77 230.86
Pyppr(W) 257.87 156 74.775 177.83 128.75 230.78
Efficiency(%) 99.94 99.97 99.99 99.97 99.98 99.96
MPPT Error(%) 0.050 0.025 0.006 0.028 0.015 0.034
P&O Overshoot(W) 0 0 0 0 0 0
Undershoot(W) 0.13 0.04 0.005 0.03 0.05 0.08
Ripple(W) 0.19 0.13 0.027 0.106 0.097 0.23
Pyrppr (W) 257.965 155.95 74.73 177.85 128.768 230.79
Efficiency(%) 99.98 99.94 99.93 99.98 99.99 99.96
MPPT Error(%) 0.013 0.057 0.066 0.001 0.001 0.030
IC Overshoot(W) 0 0 0 0 0 0
Undershoot(W) 0.035 0.09 0.05 0.030 0.002 0.070
Ripple(W) 0.11 0.12 0.12 0.009 0.001 0.128
Pyppr(W) 257.967 1559 74.74 177.45 128.76 230.75
Efficiency(%) 99.98 99.91 99.94 99.75 99.99 99.95
MPPT Error(%) 0.012 0.089 0.053 0.241 0.007 0.047
FL Overshoot(W) 0 0 0 0 0 0
Undershoot(W) 0.033 0.14 0.04 0.43 0.01 0.11
Ripple(W) 0.013 0.04 0.02 0.09 0.004 0.05
Pyrppr (W) 257.97 156 74.777 177.83 128.753 230.852
Efficiency(%) 99.98 99.97 99.99 99.97 99.98 99.99
MPPT Error(%) 0.011 0.025 0.004 0.028 0.013 0.003
ANN Overshoot(W) 0 0 0 0 0 0
Undershoot(W) 0.03 0.04 0.003 0.05 0.017 0.008
Ripple(W) 0.0013 0.005 0.005 0.002 0.003 0.0016
Pyrppr(W) 257.97 156 74.777 177.836 128.753 230.853
Efficiency(%) 99.98 99.97 99.99 99.97 99.98 99.99
MPPT Error(%) 0.011 0.025 0.004 0.024 0.013 0.003
ANFIS Overshoot(W) 0 0 0 0 0 0
Undershoot(W) 0.03 0.04 0.003 0.044 0.017 0.007
Ripple(W) 0.0012 0.004 0.005 0.001 0.007 0.0014

Table 5. Results of tracking and falling time at MPP under various weather conditions

Atmospheric G(W/m?) 1000 600 300 700 500 900
conditions T(°C) 25 25 32 30 27 27
P&O Tracking time(ms) 14.19 12.91 31.85 14 14.79 12.18
Falling time(ms) 0 0 0 0 0 0
IC Tracking time(ms) 43.92 54.3 82.24 110.96 39.2 69.99
Falling time(ms) 0 0 0 0 0 0
FL Tracking time(ms) 10.03 14.8 30.46 12.70 15.83 10.01
Falling time(ms) 0 0 0 0 0 0
ANNs Tracking time(ms) 13.53 19.02 20.84 12.65 12.65 9.95
Falling time(ms) 0 0 0 0 0
ANFIS Tracking time(ms) 13.5 18.50 20.58 12.59 12.61 9.18
Falling time(ms) 0 0 0 0 0 0
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Figure 16. GPV voltage and current waveforms for proposed approaches
Table 6. Results of V},, and I,,, at MPP under various weather conditions
Atmospheric G(W/m?2) 1000 600 300 700 500 900
conditions T(°C) 25 25 32 30 27 27
Vinpp (V) Theoretical value 30.6 30.79 29.52 29.97 30.53 30.37
Impp(A) Theoretical value 8.5 5.06 2.53 5.94 421 7.6
P&O Voo (V) 30.71 30.80 29.39 30.13 30.45 30.47
Ipu(A) 8.39 5.06 2.54 5.90 4.22 7.56
Voltage ripple(V) 0.29 0.41 0.23 0.35 0.39 0.30
Current ripple(A) 0.09 0.07 0.02 0.07 0.04 0.09
1C Vo (V) 30.66 30.79 29.45 30.12 30.54 30.41
I, (A) 8.41 5.06 2.53 5.9 4.21 7.58
Voltage ripple(V) 0.03 0.05 0.07 0.03 0.01 0.05
Current ripple(A) 0.007 0.008 0.06 0.07 0.002 0.12
FL Vo (V) 30.65 30.49 29.67 30.54 30.35 30.62
I,w(A) 8.41 5.11 2.51 5.81 4.24 7.53
Voltage ripple(V) 0.018 0.071 0.05 0.051 0.042 0.042
Current ripple(A) 0.007 0.009 0.005 0.012 0.006 0.008
ANNs Vo (V) 30.64 30.62 29.56 29.88 30.32 30.33
I, (A) 8.41 5.09 2.52 5.95 4.24 7.60
Voltage ripple(V) 0.003 0.008 0.004 0.004 0.003 0.002
Current ripple(A) 0.001 0.001 0.001 0.001 0.001 0.001
ANFIS Vo (V) 30.63 30.62 29.56 29.88 30.32 30.33
I, (A) 8.41 5.09 2.529 5.951 4.246 7.609
Voltage ripple(V) 0.0026 0.006 0.004 0.004 0.0029 0.0019
Current ripple(A) 0.0009 0.0007 0.0006 0.0009 0.0009 0.0007
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Table 7. Comparative features of different MPPT strategies

MPPT Algorithm Analog or PV array Sensed

algorithms complexity digital dependency parameters

P&O Low Both No Voltage, current

IC Medium Digital No Voltage, current

FL Medium Digital Yes Voltage, current

ANNSs High Digital Yes Irradiance, temperature, and voltage
ANFIS High Digital Yes Irradiance, temperature, and voltage

6. CONCLUSION

This study investigates the performance of maximum power point tracking (MPPT) control in a pho-
tovoltaic (PV) system subjected to diverse weather patterns. Five MPPT algorithms are evaluated: Perturb and
Observe (PO), incremental conductance (IC), fuzzy logic (FL), artificial neural networks (ANNSs), and adap-
tive neuro-fuzzy inference system (ANFIS). The proposed PV system model, built within MATLAB Simulink
software, comprises a PV generator, resistor load, and DC/DC boost chopper driven by an MPPT controller.
Simulation results confirm that intelligent approaches like ANNs and ANFIS significantly outperform classi-
cal methods. While P&O and IC offer simplicity, they struggle with oscillations and slower response times.
ANNSs and ANFIS, on the other hand, provide faster tracking and more stable operation, making them suitable
for modern PV systems. Future research could focus on optimizing these intelligent methods for real-world
applications, further enhancing PV system efficiency.
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