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Abstract: Under the current situation, it is necessary to harness solar energy to generate more elec-
tricity. However, the disadvantage of solar energy is that it takes a lot of space to install solar panels.
An option to optimize PV systems is to improve the maximum power point tracking (MPPT) algo-
rithm based on symmetrical management has the advantage of being easy to use without updating
the devices. The improved algorithm achieves symmetry between the maximum power point (MPP)
and the output of the PV array, resulting in less power loss and increased system efficiency. This paper
presents the MPPT of photovoltaic using the current control modifier perturbation and observation
plus fuzzy logic control (CCMP&O—FLC MPPT). The algorithm of CCMP&O—FLC MPPT is applied
to reduce the setting time and to reduce oscillation around the set-point at a steady state. This concept
was experimented with using a boost converter with MATLAB/Simulink software package and
implemented by STM32F4VGA microcontroller. The simulation and experiment results are obtained
by comparison with traditional P&O under similar operating conditions. The CCMP&O—FLC MPPT
can track MPP faster when the irradiation is rapidly changing and, therefore, can reduce the PV
system losses. In addition, the advantages of this proposed method can also be applied to improve
the performance of existing systems without modifying existing equipment, unlike modern methods
that cannot be applied to older systems. The results showed that the MPPT time and the power
output efficiency of the proposed algorithm were 146 milliseconds and 99.5%, respectively.

Keywords: maximum power point; modifier perturbation and observation; fuzzy logic control;
boost converter

1. Introduction

Solar energy is an energy that humans can use indefinitely, and in addition, we can
find it easily. It appears and can be received everywhere and has high energy stability [1],
although the problem is that the price for us to convert energy to use in a manner like
fossil energy is still high. However, it is not the main problem because energy can change
depending on market factors. We need to study and develop research to make solar energy
use more stable and cost-effective. For this reason, currently, many countries around the
world are developing and using more and more solar energy [2—4] because solar energy is
clean energy with no fuel costs [5], and it is also very safe compared to fossil and nuclear
power [6]. It is cost-effective, simple, clean, noise-free, and environmentally friendly to
operate and maintain. Solar energy usage patterns are broadly divided into two forms,
depending on the method of capturing light energy, transformation into another form
of energy, and redistribution of that energy. The first form, known as active solar, is
a photovoltaic method, or solar thermal, to capture and convert solar energy directly
into electrical or thermal energy. Another form of passive solar is an indirect method
of utilization included building designs in cold countries to maximize the sunlight or
installing thermal mass-sensitive materials [7]. It can be applied to balance the indoor air,
installing materials with light-diffusing properties, designing a space naturally circulating
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air. Solar photovoltaic is to convert solar energy into electrical energy [8,9]. The use
of solar cells was first produced in 1883 by Charles Fritz and started using selenium
in 1941 [10]. Monomolecular silicon solar panels relatively have high production costs.
The use of solar panels in the early days focused on space applications such as satellites.
After experiencing rising oil prices in 1973 and 1979, the developed countries turned their
attention to solar energy improved more seriously. Photovoltaic (PV) is currently considered
the most popular renewable energy [11-13] due to its many advantages. However, there
are still some disadvantages compared to conventional power sources [14], particularly
the high production costs, low power conversion [15-17], and nonlinear I-V and P-V
characteristics, as shown in Figure 1. The equivalent circuit of photovoltaic cells is shown
in Figure 2. Therefore, it is difficult to harvest energy from solar cells to achieve maximum
efficiency. PV systems are now widely used in battery charging, water pumping, and
grid-connected [18,19]. Various algorithms such as perturbation and observation (P&O) to

optimize the PV system, increment conductance (INC), fuzzy logic (FL), particle swarm
optimization (PSO), and hybrid are used [20].
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Figure 2. Equivalent circuit of photovoltaic cells.

Although these methods are effective in solving the problems of nonlinear I-V curves,

detailed calculations are required, which limits the capabilities of these methods. Although,
these methods are effective in solving the problems of nonlinear I-V curves. Detailed
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calculations are required and limit the capabilities of these methods. Using a fixed iter-
ative step size with conventional perturbation and observation (P&O), the incremental
conductance (INC) method is simple to provide good performance. However, they have
a disadvantage of the slow tracking of the maximum power point when irradiation and
temperature change rapidly. This problem can be solved with a large step size allowing
the fast maximized power tracking but causing PV energy oscillations around the MPP.
The oscillation can be reduced by using a smaller step size. But it slows the speed of the
maximum power point tracking. However, to solve the problem with the fixed step size
method, the obtained maximum power point tracking speed is still slow. To overcome the
drawbacks and fast response of the maximum power point tracking, therefore, an adapted
algorithm with variable step size is proposed. The step size is automatically adjusted
according to the power to voltage derivative of the PV array (dP/dV).

Juber Ahmed and Zainal Salam introduced enhanced adaptive perturbation and
observation (EA-P&O) MPPT for tracking the MPPT under partial shading on PV panel
so that it has a good tracking and high efficiency [9]. The soft-MPPT was introduced by
Shamik Bhattacharyya et al. to track the MPPT under rapid changes in irradiance, which is
fast-tracking [21]. John Macaulay and Zhongfu Zhou proposed a modified perturbation and
observation of MPPT under changes in irradiance, where the algorithm has fast response
and low steady-state oscillation around MPP [22]. Kamarn Ali et al. used a neuro-fuzzy for
high MPPT performance under changing irradiance and temperature [23]. Hegazy Rezk
et al. used adaptive fuzzy logic-based MPPT (AFL-MPPT) with high tracking efficiency
and fast dynamics [24]. A comparison of the maximum power point tracking based on
P&O and fuzzy logic algorithms discussed above is summarized in Table 1. In addition,
many DC/DC boost converters are also used in PV array systems to track the maximum
power point [21,25]. Due to its simple structure, the number of semiconductor switches
can be reduced, resulting in low cost [26].

Table 1. Comparison of the maximum power point tracking based on P&O and FL algorithms.

MPPT Method Converter Equipment Outcomes Ref
MATLAB/Simulink Good tracking under partial shading High

EA-P&O buck-boost DS1104 DSP efficiency o1

SOFT-MPPT boost Arduino mega 2560 microcontroller ~ Fast-tracking under changing irradiance [21]
MATLAB/Simulink Fast response under changing irradiance

MP&O-FLC boost dSPACE Low steady-state oscillation around MPPT [22]

Neuro-Fuzzy buck-boost MATLAB/Simulink High p erformancg under changing [23]

irradiance
AFL-MPPT boost TMS320F28335 microcontroller High tracking efficiency [24]

Fast dynamics

In this paper, the CCMP&O—FLC MPPT is proposed. The MATLAB/Simulink pro-
gram is applied to test, validate and compare the results obtained from the proposed P&O
and traditional P&O MPPT methods. An experimental prototype of the MPPT system
using a DC/DC boost converter controlled by the STM32F4VGA microcontroller-based
control circuit was developed. A comparative study between the proposed P&O and the
traditional P&O method under similar operating conditions was presented. Many efficiency
parameters such as PV array output power efficiency, response time, tracking accuracy, and
ripple have been suggested.

2. Maximum Power Point

From the experiment, the understanding of characteristic curves of a solar cell can
be assumed like a curve as opposed to a diode property because of the power caused by
current and voltage.
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Therefore, the transmission curve of the solar cell can be afforded depending on the
level of light received. According to the I-V property curve opposite the diode according
to Figure 1, which has a maximum power called maximum power point (MPP). Even with
a high current value at the short-circuit point, when the voltage is equal to zero. Therefore,
the power value is also zero, where vice versa, at the opening of the circuit, the power at
this point is also zero, while the effect of the combination of current and voltage causes the
value of power to be close to the maximum value. We call the maximum power point (MPP)
that is the point where the solar cells work by receiving the light intensity and transmitting
the maximized power. When considering the I-V curves, the Vi, and I,y values can be
calculated from V,. and I..

Vinpp =~ (0.75 —0.9) Vo, 1)

Lpp ~ (0.85 —0.95)Is )

The fill factor (FF) is the value considered properties of the solar cell with the following
values.
FF = Vmpp * Impp/voc * Ige (3)

The fill factor value refers to the value that represents the quality of the solar cell.
Typically, silicon cells are approximately 0.7-0.8, and the output power of the solar cell is
shown in Equation (3).

Pmpp = Vmpp * Impp = Vo * Ioc * FF 4)

Therefore, the efficiency of the solar cell is the ratio of the output electric energy to the
solar input (Pin), which has the following relationship.

7§ = Vo * Isc * FF/ Py, (5)

At present, the maximum efficiency of silicon solar cells at 1000 W/m? from laboratory
tests is approximately 24%, and in general, use is 10-14%, although theoretically, the value
is 26-27%.

From Figure 1, it is observed that when the current is 11, the electric power is P1. The
electric current is 12, the electric power is P2, which is the maximum power. Therefore, we
have to harness the electricity to keep the solar cells at the maximized power all the time.

3. Conventional Perturbation and Observation Algorithm

Today, one of the most popular MPPT methods is the P&O method, which has oper-
ated for a long time. According to the characteristic curve, the perturbation and observation
techniques are applied to adjust the voltage of the photovoltaic system in the direction of
constantly increasing power. When the maximum power is reached, the voltage is con-
stantly changing and fluctuating around the maximized power. This algorithm is suitable
for slow changes in irradiation and temperature. The disadvantage is an output oscillation
on the maximum power. Furthermore, the speed of convergence to a maximized power
point depends on the step size (D: delta of duty cycle). The small step size has low oscil-
lations on maximum power and big tracking time. The big step size has high oscillations
on maximum power point and low tracking time. A diagram of the perturbation and
observation maximized power point tracking (P&O MPPT) method is shown in Figure 3.

The basic equations of P&O method are as follows:

Ppy (k) = Vpy (k) * Ipy (k) (6)
AP = P_PV (k) — P_PV (k—1) @)
AV = Vpy (k) — Vpy(k—1) 8

AP =0 at MPP ©)
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AP <0 and AV <0 at left of MPP (10)
D(k) =D(k—1) — AD decrease Vyy (11)
AP <0 and AV >0 at right of MPP (12)
D(k) = D(k —1) + AD increase Vo (13)
AP >0 and AV <0 at right of MPP (14)
D(k) = D(k—1)+ AD increase Vy (15)
AP >0 and AV >0 at left of MPP (16)
D(k) =D(k—1) — AD decrease Vyu (17)

Initialize
Dim’t-. D:nax 2 D:niﬂ-. AD

[)Jeasu.te \-’w (k) and IW{ k)

\
E:’” (k) =V, (k)*I,, [kﬂ
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Figure 3. Diagram of perturbation and observation MPPT method.

4. Modified Perturbation and Observation Algorithm

The advantages of the traditional perturbation and observation MPPT algorithm are
simple and effective. However, the weakness of this algorithm is that its operation may fail
under rapidly changing irradiation and temperature conditions, leading to MPP tracking
in the wrong direction. Fast-tracking can be performed with larger step sizes. But excessive
steady-state oscillation is inevitable, where the smaller the step size can reduce the slower
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dynamic shaking. Many solutions to these conflicts have been presented using variable
and progressive step sizes that cannot be achieved where the algorithm automatically
changes the step size based on the PV array style. Depending on the individual operating
conditions, the size of the step should provide a satisfying exchange between the dynamics
and oscillation. Therefore, based on the basic principles of MPPT, this article presents a
modifier perturbation and observation MPPT algorithm, which has a more simple character,
faster response time, and less oscillation. The chart of modifier perturbation and observation
algorithm is shown in Figure 4. In solving the perturbation and observation problems, the
CCMP&O—FLC MPPT methods are proposed based on Equation (17), where I, is related
to solar radiation.

Ly = A (ISC +k; (T - T,ef)) (18)

where

A is the solar irradiation intensity; kW / m?2,

Iy is the electric current generated by solar irradiation; A,

I is the shot-circuit current of the cell; A,

K; is the temperature coefficient of the short-circuit current; A/°C,

T is the temperature at the cell junction; °K,

Tt is the reference temperature of the cell.

The current control modifier perturbation and observation plus fuzzy logic control
maximum power point tracking method proposed is given as follows:

Ppy (k) = Vpy (k)  Ipy (k) (19)

AP = Ppy (k) — Ppy(k—1) (20)

AV = Vpy (k) = Vpy (k—1) (21)

M = abs(APpy (k)) wvariable step size (22)

AP =0 at MPP (23)

AP <0 and AV <0 at left of MPP (24)
Lep(k) = Lpep(k—1) — (M ¢ AIref(k)) decrease Voyt (25)
AP <0 and AV >0 at right of MPP (26)
Lo (K) = g (k— 1) + (M . AI,ef(k)> increase Vo (27)
AP >0 and AV <0 at right of MPP (28)
Lo (K) = g (k— 1) + (M . AI,ef(k)> increase Vo (29)
AP >0 and AV >0 at left of MPP (30)
Lep(k) = Lpep(k—1) — (M * AIref(k)) decrease Voyt (31)

where

Ppy(k), Vipo(k), and Ly(k) are the PV array output power, voltage, and current at the
instant (k).

Ppy(k — 1), Vio(k — 1) are the PV array output power and voltage at the instant (k — 1).

M is the absolute value of the AP, (k).

Lif(k) is the initial current at the instant (k).

Lk — 1) is the initial current at the instant (k — 1).

To control the duty cycle of the boost converter, fuzzy logic control (FLC) is used. The
nine rule of FLC is illustrated in Table 2.
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Figure 4. Diagram of modifier perturbation and observation fuzzy MPPT method.

Table 2. Fuzzy logic control rule.

dErr N 7z P
Err
N V4 Z Z
Z Z Z S
P S M L

Where Z, S, M, and L are zero, small, medium, and large size of duty cycle, respectively. N, Z, and P are negative,
zero, and positive, respectively.

By using the symmetry fuzzy rule, the input and output membership function of fuzzy
logic are shown in Figure 5. In order to reduce the oscillations around the MPP, therefore,
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the regions of the Iref/ dlref and duty cycle are defined as —20 to 20, —1 to 1, and 0 to 100,

respectively.
N z P
1 . A
V4R
V4 AN
S ™,
V4 AN
S AN
Ve AN
Vi AN
/ ™
, S AN
N \\
0.5 X X
VAR ™
S ™, ™,
/ : N
Ve ™,
V4 AN
S AN
/ ™
V4 ™
Ve AN
Vi AN
0 4 -

20 -156 10 -5 0 5 10 15 20

N z P
.1
0.5
0
-1 -08-06 -04 -02 0 02 04 06 08 1
dlret
(b)
\
\
\
N 4
\ 4
N 4
\ /
X
ol/ / \
0 10 20 30 40 50 60 70 80 90 100
Duty

(9)
Figure 5. Input and output membership function of fuzzy logic; (a) Iref, (b) dIref, (c) Duty.
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5. Simulation Results

To illustrate the MPPT, response time, ripple, and efficiency of the CCMP & O—FLC
MPPT method. A comparative study between P&O and CCMP & O—FLC MPPT methods
have been demonstrated. Therefore, MATLAB/Simulink was applied to simulate the
system at the beginning of this research. To track the maximum power, the DC/DC boost
converter was applied to transfer the electrical power from the PV array to the load. The
1Soltech 1STH—215P was used in the simulation. The PV module specifications and the
DC/DC boost converter parameter of the simulation system are illustrated in Tables 3
and 4, respectively.

Table 3. PV module specifications.

Emulated PV Source Specifications Value
Voltage at MPP (V) 29V

Current at MPP (Iynyp) 735A

Short circuit current (Ig) 7.84 A

Open circuit voltage (V) 363V

Maximum power at standard temperature condition 21315 W

Parallel strings 1
Series-connected modules per string 8

Table 4. DC/DC Boost converter parameter of the simulation system.

Converter Parameter Value
Switching frequency (fsw) 20 kHz
Input filter capacitor (C;,) 100 pF

Output filter capacitor (C,) 280 uF
Input filter inductor (L;;,) 420 mH

5.1. Maximum Power Point Tracking

The perturbation and observation maximum power point tracking (P&O MPPT)
method and current control modifier perturbation and observation plus fuzzy logic control
maximized power point tracking (CCMP&O—FLC MPPT) was tested by simulation the
rapid change irradiation levels as follow 600, 1000, and 900 W /m?. The simulation results
showed that the MPPT algorithm mentioned in this article is very accurate. The energy
values determined by both methods converge to the theoretical values corresponding to
the rapid change irradiation level, as shown in Figure 6.

T

1800 |
Pmpp

1600 —P&O

1400 CCMP&O-FUZZY 1,000 W/m?
~ 1200 900 W/m’
=
%’ 1000 7*‘
2 // 2
S 800 / 600 W/m
- i
Z 600
400 f
200 i il
|
0
2200 ¢ ! ! ! ! ! A
0 0.2 0.4 0.6 0.8 1 1.2

Time (S)

Figure 6. A comparison of the PV array output power between proposed and P&O MPPT methods.
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5.2. Comparison of Response Time

A comparison of the maximum power point tracking between proposed and tradi-
tional P&O MPPT methods is shown in Figure 7. The proposed CCMP&O—FLC MPPT
method can reduce energy loss more than traditional P&O methods due to less maximum
power tracking time.

T T T
1800 Prpp 1
1600 -~ P&O 8
—CCMP&O-FUZZY
1400 1
<~ 1200 |
&
— 1000 =
L
£ 500 [r—
°>' /1,000 Wm? o
Z 600 ~N / 900 W/m'
400 / 600 W/m’
200
0
2200 = ! L ! L Time (5)
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (S)

Figure 7. A comparison of the PV array output power response time between proposed and P&O
MPPT methods.

Figures 8 and 9 show the output power of the PV array due to the sudden rise and fall
of irradiation. It can be noted that the response time with the proposed MPPT algorithm is
significantly better when using the traditional P&O MPPT algorithm, especially around the
MPPT point.

1800

nnnnnnnnnnnnn

1600

1400

T
i . R — | a—

z \ ik
e 800 Pmpp o N 900 W/m -
Z 600 (—P&O . / 600 W/m’ i
— CCMP&O-FUZZY
400
200 |- -
0 : i s
Time (S)
200 = ! I | ol
0.5 0.55 0.6 0.65
Time (S)

Figure 8. A comparison of the PV array output power due to sudden increase in irradiation between
proposed and P&O MPPT methods.

5.3. Comparison of Ripple

Figure 10 shows a noticeable decrease in the electrical power ripple of the proposed
system compared to traditional P&O methods.

5.4. Comparison of Efficiency

From Figure 11, it can be observed that the efficiency of the PV output of the proposed
algorithms is greater than the traditional P&O algorithms. Since there is no oscillation
around the maximum power point, the efficiency of the proposed method is higher than
that of the traditional method. The power output efficiency of the proposed algorithm is
99.5%.
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T T T T T T
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Figure 9. A comparison of the PV array output power due to sudden decrease in irradiation between
proposed and P&O MPPT methods.

T T T T T T T T
1800 | ! | | | ! -
1600 1 -
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; 1400 [~ _p&‘(’)" ) ) ) 1 —
= — CCMP&O-FUZZY w00 ———
5 1200 — | 1600 P&O — T =
% 1400 compsoFUZZY 1,000 W/m?
= 900 W/m?
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| 1 | | 1 1 1 1
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Figure 10. A comparison of the PV array output power ripple between proposed and P&O MPPT
methods.

100 T T T T T T T
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0.67 0.68 0.69 0.7 0.71 0.72 0.73

Time (S)
Figure 11. A comparison of the PV array output power efficiency between proposed and P&O MPPT
methods.

6. PV MPPT System Experiment Results

The experimental methods are performed to evaluate and verify the effectiveness of the
CCMP&O—FLC MPPT. The prototype circuit used in the experiment and the experiment
diagram of the system is shown in Figures 12 and 13, respectively. The specifications are
listed in Tables 5 and 6, respectively. The STM32F4VGA is used to provide the control
signal for the boost converter, resistance as load, emulated PV source SM300—10D PV
simulator, and SM300—20 programming power supply have been used as a source instead
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of a PV. The results of the proposed algorithm were then compared with the results of
the traditional P&O algorithm. Figures 14 and 15 show the PV output voltage, PV output
current, and PV output power obtained by traditional P&O methods corresponding to
600 and 1000 W/m?2. Figures 16 and 17 show the PV array output performance of the
CCMP&O—FLC method with irradiation 600 and 1000 W/m?. From the experimental
results in Figures 14-17, we can see that the two MPPT algorithms mentioned in this article
are highly accurate. The energy, voltage, and current values obtained by the proposed
methods and traditional P&O methods are consistent with radiation levels and theoretically
correct. Comparison of the response time of the proposed algorithm with the traditional
algorithm showed that the proposed algorithm is approximately 146 milliseconds, the
traditional P&O method is around 216 milliseconds, indicating that the proposed method
tracks maximum power faster than the traditional one. Figures 15 and 17 show the PV
output power of the traditional algorithm and the proposed algorithm at 1000 W/m?. The
PV output power of the traditional algorithm and the proposed algorithm are 606.567 W /m?
and 690.67 W/m?, respectively. Since there is a little bit of oscillation around the maximum
power point, the efficiency of the proposed method is higher than that of the traditional
method. The experimental results of the proposed method are very accurate compared to
the traditional method because it has a faster convergence speed and less response time.
There is no static vibration around the MPP, which is suitable for real-world conditions.

Figure 12. Prototype laboratory experiments of the MPPT system.

Table 5. PV source specifications.

Emulated PV Source Specifications Value
Voltage at MPP (Vypp) 230V
Current at MPP (Lypp) 3A

Short circuit current (I5) 4 A
Open circuit voltage (V) 245V

Temperature coefficient (Tj) —1000 °C
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Figure 13. Experiment diagram.
Table 6. DC/DC Boost converter parameter of experiment system.
DC/DC Boost Converter Parameter Value
Switching frequency (f,) 20 kHz
Input filter capacitor (C;;,) 100 uF
Output filter capacitor (Cy) 280 uF
Input filter inductor (L;;,) 420 mH
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Figure 14. The PV output voltage, current, and power of experiments with traditional P&O methods.
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Figure 17. The experiments result of the PV MPPT tracking with proposed P&O methods.

7. Conclusions

In this paper, the CCMP&O—FLC is laid out, the proposed schemes are discussed in
detail, and simplified design rules are proposed. Comparative studies have been shown
between the proposed method and traditional method under the same operating and
environmental conditions. The simulation and experimentation results show a signifi-
cant contribution to steady-state performance and dynamic response. The response time
of the maximum power point tracking cannot be reduced by a traditional method. The
CCMP&O—FLC is confirmed, in which the energy loss of the converter is reduced. Ad-
ditionally, the improvements of the traditional MPPT to approach ripple and overload
are undeniable. The experimental results of the proposed MPPT algorithm showed high
accuracy, rapid convergence, a little bit of oscillation around MPP, less noise, and no
difference from MPP points. The proposed algorithm achieves symmetry between the
MPP and the output of the PV array resulting in less power loss and increased system
efficiency. Compared to the other methods, as shown in Table 1, the MPP tracking of the
proposed method is good as others. In comparison, in terms of complexity, the proposed
method is much less complicated. Compared to modern methods such as neuro-fuzzy, it is
clear that the proposed method is applicable to conventional microcontrollers, unlike most
modern methods that are not compatible with conventional microcontrollers. Hence the
CCMP&O—FLC presented as the result of the proposed method is very effective.
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