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Abstract: Enhancing the performance of photovoltaic (PV) systems has recently become a key concern
because of the market demand for green energy. To obtain the most possible power from the solar
module, it is imperative to allow the PV system to operate at its maximum power point (MPP)
regardless of the climatic conditions. In this study, a comparison of distinctive Maximum Power-
Point Tracking (MPPT) techniques is provided, which are Perturb and Observe (P&O) and Modified
Variable Step-Size P&O, as well as Incremental Conductance (INC) and Modified Variable Step-Size
INC, using a boost converter for two types of solar panels. Using MATLAB software, simulations
have been performed to assess the efficiency of the solar module under several environmental
ﬁr;eé::tf:; conditions, standard test conditions (STCs), and sudden and ramp variations in both solar irradiance
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have all been taken into account in this study. The simulation results of the improved algorithms
demonstrate an enhancement in the PV module performance over conventional algorithms in many
factors including steady-state conditions, tracking time, and converter efficiency. Furthermore,

Modified MPPT Techniques under a boost in the dynamic response in monitoring the MPP is observed in a variety of climatical
Varying Operating Climatic circumstances. Moreover, the proposed P&O MPPT algorithm is implemented in a hardware system
Conditions. Energies 2023, 16, 549. and the experimental results verified the effectiveness, regarding both fast-tracking speed and
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1. Introduction

Undoubtedly, finding sustainable and renewable energy sources alternative to fossil
fuel resources is a necessity. Amongst the various resources, solar energy is considered
This article is an open access article  the most demanding thanks to its reliability, abundance, and effectiveness in alleviating
distributed under the terms and  global warming problems [1,2]. One significant advantage of using photovoltaic (PV)
conditions of the Creative Commons  Systems is that they can produce clean energy and are free of pollution [3]. Furthermore,
Attribution (CC BY) license (https:// PV panels are low-cost and require minimal maintenance [4]. Recently, photovoltaic panels
creativecommons.org/licenses /by / are used in numerous applications, including water-pumping systems, battery chargers,
40/). and aeronautical applications [5]. Notably, the output energy of the panel is influenced by
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both ambient temperature and solar radiation, which consequently results in the nonlinear
behavior of the PV panel [1,6]. In addition, the output energy is affected by the internal
parameters of the panel, which, in turn, causes the load to impose its characteristics on
the output power [7,8]. Hence, acquiring the maximum accessible power from a PV panel,
particularly under fluctuating weather conditions, while maintaining high reliability and
lower cost is a considerable concern in research. Therefore, much effort has been devoted
to obtaining solutions [9-13]. The primary proposed key solution to conquer this issue is
to add an MPPT controller to the photovoltaic system to boost the obtained power in any
conditions [14,15].

Various techniques have been proposed for MPPT [13,16], including Perturbation
and Observation (P&O) [13], Incremental Conductance (INC) [17], Fractional Open Cir-
cuit Voltage (FOCV) [18], Fractional Short Circuit Current (FSCC) [19], Fuzzy Logic [20],
and Neural Networks [21]. These MPPT algorithms vary in many aspects, including
the steady-state-oscillations, the response time of tracking the MPP, cost, effectiveness,
implementation complexity, and the accurate tracking of the peak point regardless of un-
predictable abrupt changes of solar radiation or temperature under the conditions of partial
shading [15,16]. Of the MPPT algorithms, P&O and INC techniques are considered the
most common commercialized ones that are utilized in tackling the MPP [22-25], attributed
to the algorithms’ medium complexity and their simple implementation due to the low
hardware requirements. Despite these advantages, P&O techniques suffer shortcomings
that are mainly attributed to the oscillations around the MPP because the perturbation size
added to the control signal in both directions is continually changing to remain in the MPP
position. Furthermore, when the level of incident irradiance changes rapidly, the direction
of perturbation may be incorrectly determined by the algorithm, resulting in increased
power losses [26,27].

To overcome the drawbacks and shortcomings of the traditional P&O, various de-
velopments and implementations regarding the P&O technique have been addressed in
the literature, such as the implementation of P&O, by using a variable duty cycle instead
of a classical constant one as in [26] and proposing an adaptive P&O control algorithm
that has a rapid dynamic response as presented in [27]. Another implementation of the
conventional P&O was suggested in [28,29] to enhance the effectiveness of the system by
employing an embedded microcontroller-based real-time algorithm with a combination of
hardware-in-the-loop (HIL) along with embedded C language. Conversely, by obtaining
the slope of the power-voltage curve identified and comparing it against zero at the MPP,
the INC technique that has a fixed step size was introduced to minimize the oscillations
of the targeted MPP [30]. On the other hand, the INC technique turns out to be much
more complex when compared to P&O since it utilizes a set of divisional computations that
require a calculation procedure and a stronger microcontroller [25]. Thus, upon utilizing
a fixed step size, the algorithm has a low-speed response. Furthermore, in P&O and INC
techniques, the tracing of the MPP may fail when solar radiation is abruptly changed or
when partial shadowing occurs [15]. Consequently, modifying the INC algorithm was
necessary [5,31].

Although some proposed modifications were conducted for both conventional algo-
rithms in the literature, most of them do not achieve a fast and precise response to the first
step change in the duty cycle when subjected to abrupt environmental fluctuations [25].
Moreover, to ensure the effectiveness of any of these MPPT algorithms, testing them un-
der various operating circumstances is required. However, it is challenging to achieve
the optimal test case since it is hard to control weather variations [32]. Researchers use
MATLAB-Simulink [33] and other simulation environments to implement and ensure the
accuracy of various MPPT algorithms before their hardware implementation because of
the problems associated with the hardware components [34,35].

In the current study, modified variable step-size-based Perturb and Observe and In-
cremental Conductance (abbreviated as M-VSS-P&O and M-VSS-INC) algorithms are pro-
posed to overcome the limitations of their corresponding traditional algorithms. MATLAB-
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Simulink software has been applied on two kinds of PV modules, namely, the polycrys-
talline MSX60 and the thin-film ST40 to investigate the effectiveness of the two modified
MPPT algorithms in tracing the MPP under Standard Test Conditions (STC) and three
different variation profiles of climatic variations regardless of the PV panel category.

The paper is organized as follows. After the introduction, Section 2 includes the PV
system configuration while the model specifications details and the modified algorithms
are presented in Sections 3 and 4, respectively. Section 5 is devoted to the results and
discussion. Finally, Section 6 represents the conclusions of this simulation study.

2. System Configuration and Models
2.1. Main System Configuration

The main objective of the system configuration illustrated in Figure 1 is to control
the PV panel’s MPP and force the system to work at this point [16]. This point changes
according to the variation of the atmosphere status, including solar radiation and tempera-
ture. The PV array’s output is linked to the DC-DC converter, which plays a fundamental
function in the MPPT process. The circuit component design and the parameter values are
given in Table 1. The MPPT controller controls the converter’s duty cycle, which in turn
controls the array voltage from which the maximum power is acquired and maintained.
The output of the systems is connected to a 30 () resistive load.

PV Panel
%n | m—1 DC-DC Converter Load
Irradiance r
1 % + 1 A iy I J‘
% Temperature [ T _ L l
PV Panel l 1 L % l ol s
User-defined “L_ c TL—
1-module string
1 parallel strings
MPPT Algorithm ‘ ‘ 1
<V_PV> va ]
= i . D —JD P PWM
_ MPPT

E

Figure 1. System General Configuration illustrated by Simulink model.

Table 1. Boost converter design parameters [36].

Parameter Definition Value
L Inductor 3 mH
C Input capacitor 100 uF
(6)) Output capacitor 100 uF

2.2. Models Specifications

The simulations performed in this work are linked to the manufacturer’s specifications
specified at STC for the two cell modules, as mentioned in Table 2. The Current-Voltage
and Power-Voltage curves for both cells are presented in Figure 2. As is apparent in P-V
characteristics, the required MPPs where the maximum power is extracted from the panel
are positioned in the curve’s peaks.
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Table 2. PV panels’ electrical specifications under standard test conditions (STC).

. . Polycrystalline R
Parameter Definition MSX60 Thin Film ST40
Voe (V) Open-Circuit voltage 211 23.3
Isc (A) Short-Circuit current 3.80 2.68
Vinp (V) Voltage at MPP 171 16.6
Tp (A) Current at MPP 35 241
Ky (V/°Q) Temperature coefficient of the V. —0.08 -0.1
K; (A/°C) Temperature coefficient of the Is 0.00300 0.00035
N Number of cells per module 36 36
10 \ 75
— MSXe60
ST40
gl * Exp. data 160

Current (A)
Power (W)

Voltage (V)

Figure 2. [-V (Solid lines) and P-V (Dashed lines) characteristics for both MSX60 and ST40 modules.

The incident solar irradiance and temperature influence these characteristic curves.
Consequently, a non-linear PV characteristic is observed due to the variation in climatic
conditions. This, in turn, causes a considerable change in the MPP position. Notably, the
load also influences the MPP. Hence, an MPPT algorithm is highly required to be imple-
mented in the PV system to trace the MPP under varying conditions. Further, to examine
the effect of the temperature and solar irradiance fluctuations, the two PV modules are
tested and simulated for distinctive temperature and irradiance values. The photocurrent
(Ipn) and the reverse saturation current (Is) are formulated by Equations (1) and (2):

Iy = Gi(lscﬂLKi(T—TSTc)) @
STC
Ise + K; (T - TSTC)

exp ( VchFKI\g(g;TSTC) ) _ 1
where A is the diode ideality factor while V7 is the thermal voltage and T is the temperature
in Kelvin. The constants K; and K, are the temperature coefficients of the short-circuit
current Isc and the open circuit voltage V., respectively. The solar radiation (W/ m?) and
the Standard Test Condition (1000 W/m? and 25 °C) are denoted by G and STC, respectively.
Gsrc is the solar irradiance under STC (1000 W/m?) and Tsrc is the temperature under STC
(25 °C). It can be deduced from the above equations that the photocurrent primarily depends
on both the temperature and incident irradiance. On the other hand, the reverse saturation
current only depends on temperature. Thus, the variation in irradiance and temperature
strongly impacts the current and voltage levels. These implications are displayed in
Figures S1 and S2, respectively (see Supplementary Materials).

I = (2
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3. MPPT Algorithms

The crucial concern for a good MPPT is to guarantee that the DC-DC converter’s
input and output power does not change and remains the same even if the load changes.
Many MPPT strategies have been proposed in an attempt to best determine the MPP. As
mentioned earlier, because of their medium complexity and simple implementation, the
traditional INC and P&O techniques are the most widely utilized algorithms.

3.1. Issues Related to Conventional P&O and INC Algorithms

The P&O and INC techniques utilize the (P-V) characteristics of the PV panel in
the tracking procedure, fulfilling the requirement dP/dV = 0. Essentially, it is difficult to
determine the zero point on the P-V curve’s slope as in P&O and the truncation error
in digital processing as in the INC. Therefore, both approaches turned out to be entirely
inaccurate in tracing the MPP owing to the resulting steady-state oscillations in the vicinity
of the MPP and higher response time. The perception of the P&O algorithm is centered on
modulating the duty cycle. If the peak of the P-V characteristic is detected, there will be no
more additional perturbations to the duty cycle. This process, however, causes the system
operation to be adjacent to the MPP, but not at the point itself. Therefore, contentious
duty cycle modifications must be employed to maintain the MPP position resulting in
oscillations that are proportional to the step size. The larger step size is translated to higher
oscillations while slower tracking is the result of the small step size.

In contrast, the concept of the INC algorithm depends on determining the slope of
the power curve by employing the incremental conductance of the PV panel. When the
incremental conductance has the same value as its instantaneous one, the maximum power
can be successfully traced. Unlike the P&O algorithm, the INC process requires a powerful
microcontroller which increases the system cost [5]. As a result of these issues raised for
both P&O and INC algorithms, they are not the best choice when sudden changes occur in
solar irradiance and/or temperature.

3.2. Modified MPPT Algorithms

Based on the discussion mentioned above, in this subsection, we present modified
algorithms to address the issues related to the traditional P&O and INC techniques. The
modification is based on the variable-step size as an alternative to using a fixed-step size.
Additionally, a comptonization between fast response and steady-state oscillations will be
met. The approach of variable step size adjustment was previously outlined in [37,38]. It
used a scaling factor reliant on the variation in power (AP) and voltage (AV). Nevertheless,
this modification may not display good tracing capabilities in abrupt irradiance variation [5].
So, to swamp this problem, we follow the modified algorithms presented in [5] using
Matlab-Simulink, depending on an enhanced variable step size that relies solely on the
power change (AP) with a scaling factor accustomed to the settlement of the response time
and decreasing the steady-state oscillations in such a way as to reduce the oscillations of the
output PV power as given in Figures 3 and 4, which illustrate the flow chart of M-VSS-P&O
and M-VSS-INC techniques, respectively. The power (P) is calculated from V' x I, while
the change in power is calculated as the difference between the new and old values (i.e.,
AP = Pyewy — Poig).
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Figure 3. Flowchart of modified P&O algorithm.
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Figure 4. Flowchart of Modified INC algorithm.

It is well known, for the conventional P&O algorithm, that when irradiance increases,
a drift problem occurs, which causes a delay in tracing the MPP. This is indicated in Figure 5,
which displays the P-V curves for two cases of irradiance. If the operating point is at A,
and there is an abrupt increase in insolation and the point will settle to point B. At point B,
AP >0and AV > 0, so the algorithm imposes a lower duty cycle resulting in moving the
operating point to C, which is separate from the MPP in the new curve. On the other hand,
when using our modified P&O technique, it is noted when AP > 0 and AV > 0, AV will be
negative because the offset is positive (see the flowchart in Figure 3) causing the duty cycle
to decrease and, consequently, the voltage to decrease as indicated in Figure 5, which shows
the new operating point at D implying a faster response toward the new MPP. The previous

discussion demonstrates that our modified P&O algorithm is a drift-free technique.
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Figure 5. Drift analysis of conventional P&O versus modified P&O algorithms when considering a

rapid increase in irradiance.

4. Results and Discussion

This section is concerned with presenting the tests of traditional and enhanced tech-
niques: P&O, INC, and the modified P&O and INC, using MATLAB-Simulink to explore
the steady-state and dynamic performance results by utilizing two distinct kinds of solar
panels, MSX60 and ST40, whose types are polycrystalline thin films, respectively. Simu-
lations are carried out and presented for standard test conditions and varying operating
circumstances in ambient temperature and incident solar irradiation to investigate and
compare the algorithm’s efficiency regarding the response time desired to trace the peak
power point and steady-state power oscillations and converter tracking efficiency.

4.1. Test under STC

Figure 6 shows the polycrystalline cell MSX60 performance using the four MPPT
algorithms. All simulations are performed at an irradiance of 1000 W/m? and 25 °C.
According to the simulations observed in the figure, the MPP was reached using both
traditional P&O and INC algorithms, but the output power had a high percentage of
oscillations (see Figure 6a). In contrast, the efficiency of the cell performance can be
enhanced using the modified versions of the classical methods, M-VSS-P&O and M-VSS-
INC. As observed in the figure, the M-VSS-P&O algorithm (58% duty cycle) was the faster
algorithm among the four algorithms to obtain the MPP with the same o/p power of P&O
and INC techniques (see Figure 6b). While the Modified Variable Step Size INC algorithm
(59% duty cycle) reached the MPP with a quicker response time (18.22 ms) than the classical
methods, it was the only algorithm among the four algorithms that achieved 100% power
efficiency with negligible steady-state oscillations.
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Figure 6. STC test of MSX60 solar cell performance: (a) Output power and (b) duty cycle variation.

In the same manner, and according to the results presented in Figure 7, another solar
cell (thin-film ST40) was used to test the four algorithms” performance. A comparison
between the performances of the four MPPT algorithms using both cells is listed in Table 3.
Accordingly, the performance efficiency of the traditional P&O in both cells can be noted
as the lowest efficiency compared to the other algorithms. The algorithm also presents a
higher level of oscillations to arrive at the MPP. Furthermore, the INC algorithm typically
operates in the same way as P&O in the MSX60 panel in tracking the MPP. Nevertheless,
corresponding to the ST40 cell simulations, it is obvious that all trackers could achieve a
conversion efficiency of approximately 100%; both traditional techniques require a similar
duration to operate at the same point (~34.0 ms). In contrast, the updated modified
algorithms in MSX60 cell simulations were able to improve the efficiency of the solar cell to
achieve the panel’s full available power to hit the MPP with negligible oscillations quicker
than traditional high oscillation algorithms. In addition, the M-VSS-INC improved the
performance of the MPPT controller to 100% in 18.22 ms.
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Figure 7. STC test of ST40 solar cell performance: (a) Output power and (b) duty cycle variation.
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Table 3. Performance of the MPPT algorithms under STC conditions.
Module MPPT Algorithm MPP (W)  Power (W) Tracking Time (ms) Oscillations (W) Eff. (%)
P&O 60.53 60.15 54.76 0.52 99.37
MSX60 INC 60.53 60.15 54.76 0.52 99.37
M-VSS-P&O 60.53 60.15 16.34 Neglected 99.37
M-VSS-INC 60.53 60.53 18.22 Neglected 100
P&O 40.006 34.19 34.19 0.21 99.78
ST40 INC 40.006 33.71 33.71 0.15 100
M-VSS-P&O 40.006 26.21 26.21 0.1 100
M-VSS-INC 40.006 23.02 23.02 0.1 100

In summary, under STCs, the adjustments performed for both traditional P&O and INC
algorithms increased the steady-state efficiency of both solar cells to achieve the full usable
o/p power from the panel and grasp the MPP quicker than traditional algorithms that have
low oscillations for both cells. However, according to the observations of both cells, the
M-VSS-INC was proven to be the most efficient algorithm among the three algorithms.

4.2. Test under an Abrupt Variation in Irradiance with Constant STC Temperature

To extend our analysis to the four mentioned MPPT techniques under a constant
STC temperature, a sudden variation in irradiance was examined for both solar cells as
follows (Figure 8): The irradiance was initially 1000 W/m? but was unexpectedly reduced
to 600 W/m? at t = 0.35 s; then, upon reaching 0.65 s, an extra variation from 600 W/ m? to
1000 W/m? was abruptly applied; eventually, the radiation remained steady at 1000 W/m?
until the completion of the simulation time at ¢ =1 s.

1200

1000

800 |

600

Irradiance (W/mz)

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 8. Sudden Irradiance change at 25 °C.

In conjunction with [39], simulations were carried out to ensure the performance
and efficiency of the algorithms, in particular, the updated algorithms to meet the MPP.
Checking the MSX60 cell, as seen in Figure 9a, the four MPPTs were initially performed in
the STC case addressed above. When the irradiance was abruptly reduced to 600 w/m?,
both classical algorithms were able to detect the MPP but many oscillations occurred,
exhibiting the same phenomena with a response time of 379.6 ms and an output power of
37.13 W, displaying an approximate error of 26.9 ms.
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Figure 9. Cell performance under irradiance sudden variation for (a) MSX60 and (b) ST40.

In contrast, with a faster response time of 367.5 ms and a minor error of 17.5 ms,
both modified strategies could congregate to 37.14 W, almost the equivalent MPP of the
conventional algorithms. Moreover, the enhanced algorithms succeeded in minimizing the
steady-state oscillations around the MPP. In comparison to both P&O and INC (60.14 W),
both modified MPPTs can perceive the abrupt spike in solar irradiance even better and
faster, with an inaccuracy of just 7.2 ms and a minor reduction in power (59.52 W) in
690.4 ms.

A similar evaluation of the four controllers on the ST40 solar cell is indicated in
Figure 9b. Both P&O and INC algorithms were able to monitor and detect the MPP for solar
radiation unexpectedly reduced to 600 W/m?, but with a high percentage of oscillations,
demonstrating identical behavior with a performance power of 26.4 W in a response time of
381.8 ms, with almost 34.8 ms error. In comparison, both modified algorithms can converge
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to an approximately identical highest power of 26.43 W but quicker than the classical
algorithms with a response time of 363.4 ms and a smaller error of 13.4 ms.

Furthermore, the improved algorithms minimized steady-state oscillations all over
the MPP. Furthermore, with a quicker reaction time, the enhanced algorithms could also
recognize the abrupt rise in solar radiation with just a 25.2 ms error with an almost equiv-
alent o/p power of 40.02 W related to P&O and INC with a time of 45.2 ms. Similar
to the performance in the polycrystalline cell, the output power curves of the improved
techniques showed better performance and fewer oscillation levels than the output power
of the other conventional MPPT approaches. However, in the thin-film solar cell simula-
tions, both modified algorithms were better in the MPP tracking process with a sudden
increase and sudden reduction in irradiance. In contrast, the polycrystalline solar cell simu-
lations showed different behavior in tracking as M-VSS-P&O and M-VSS-INC prospered in
tracking the sudden increase in the irradiance, but they gave slightly less power than the

conventional algorithms; however, they were very fast with almost no oscillations around
the MPP.

4.3. Test under an Abrupt Variation in Temperature with Constant STC Irradiance

Extending our study, to ensure the validity of the MPPTs in reaching the MPP, es-
pecially by the modified ones, another operating condition was inspired by [40] and
performed on both solar cells using the four MPP tracking algorithms. Specifically, a
sudden variation in temperature with a constant STC irradiance (1000 W/ m?) was tested,
as shown in Figure 10.

70

60

N
<

=
=]

]
=

Temperature (°c)

~
<

—
<

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 10. Sudden temperature change at 1000 W /m?.

With the same value of irradiation (1000 W/m?), the temperature was initially at 25 °C
and then it suddenly increased to 60 °C at f = 0.35 s; then, at 0.65 s, a drop in temperature
from 60 °C to 25 °C was applied abruptly; eventually, the temperature was kept steady
at 25 °C until the simulation time ended at 1 s. In the MSX60 solar cell test, as seen in
Figure 11a, first, before 0.35 s, the algorithms completed the STC case as analyzed herein.
At 0.35 s, when temperature increased to 60 °C, P&O and INC algorithms could track the
MPP, with identical reactions in 362 ms with 53.88 W output power, with an approximate
error of 12 ms. Furthermore, both modified algorithms converged to a higher MPP of
54.22 W and responded faster than the classical methods, with a similar response time of
356.5 ms and a slight error of 6.5 ms. Moreover, with negligible steady-state oscillations,
the updated algorithms can also detect the abrupt drop in temperature that occurred at
0.65 s with a 7.5 ms error and a minor reduction in the power (60.18 W) relative to P&O
and INC (60.48 W) in 656.5 ms.
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Figure 11. Cell performance under temperature sudden variation for (a) MSX60 and (b) ST40.

Moreover, as presented in the simulation results related to the ST40 panel as seen in
Figure 11b, as the temperature increased abruptly to 60 °C, all algorithms succeeded in
tracking the peak point. The P&O algorithm could reach the MPP of 37.62 W in 357.7 ms.
However, the INC algorithm succeeded in tracking the MPP slightly quicker than the P&O
algorithm with a tracking time of 357.3 ms but with lower power of 37.03 W. In contrast,
both improved techniques can converge faster than the traditional algorithms to the same
MPP as P&O had the same response in 354.2 ms and a small error of only 4.2 ms and could
minimize the oscillations in the vicinity of the MPP.

Furthermore, the enhanced techniques could also reveal approximately the same
power of 40.02 W with a very fast response and a sudden decrease in the temperature
with only 0.6 ms. In addition, P&O could reach its MPP of 39.97 W with a response time
of 652.5 ms, whereas INC could achieve an MPP of 40.1 W but slower with a time of
654.7 ms. P&O and INC algorithms were able to monitor the peak point, showing the same
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behavior in the MSX60 cell, while both M-VS5-P&O and M-VSS-INC functioned superiorly
with approximately the same response. However, in the ST40 solar cell, according to the
observations, both M-VSS-P&O and M-VSS-INC algorithms showed better performance
than both P&O and INC in the two sudden temperature changes; but in the case of the
temperature increment, the INC algorithm gave slightly less power than the other three
algorithms and slightly higher power than the other algorithms when a decrement in the
temperature occurred.

4.4. Test under Ramp Variation in Both Irradiance and Temperature

Solar radiation and ambient temperature changed simultaneously with random
changes during the 1 s period, as presented in Figure 12, to examine the MPPTs pro-
cess. Before 0.15 s, the irradiation and temperature rose almost simultaneously. After that,
at 0.25 s, the irradiation value was maintained at 1000 W/m? and the temperature increased
from 40 °C until it reached 60 °C. Reaching 0.54 s, the radiation started to decline until it
reached 500 W/m? at 0.55 s and the system operated at that irradiance until the end of the
simulation. At 0.7 s, the temperature started to change and decreased from 60 °C to reach
35 °C at 0.85 s and remained constant until the end of the simulation time.

1200 i ; " " 65
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- 551
2 2
P =
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E 400 e
35
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30
0 : : : : 25 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

(@) (b)
Figure 12. Simultaneous ramp changes in both (a) solar irradiance and (b) temperature.

In Figure 13, the performances associated with these changes in irradiance and tem-
perature are presented for both cells. From the observations of the output power curve
for both cells, it is observed that the P&O algorithm was less efficient in dealing with
these simultaneous ramp changes among the two cells. At the same time, the modified
approaches were able to track the MPP through these operating conditions, showing a
better dynamic response performance than both traditional P&O and INC algorithms and
consequently improving the system efficiency.

4.5. Test under Real Solar Radiation Measurements

Finally, a test using practical measurement during a relatively dusty or cloudy day
was studied. The actual radiation, extracted from REF [41], is shown in Figure 14a, while a
focused scaling down of this radiation is shown in Figure 14b, which is used as an input to
the simulation. The scaling down is performed due to the limitation of the simulation time.
Figure 15 shows the performance of the modified P&O algorithm versus the conventional
P&O for the MSX60 module. Furthermore, the theoretical maximum power is shown for
comparison. The figure demonstrates the effectiveness of the modified technique, especially
for critical times of a sudden increase in irradiation.
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Figure 13. Performance under simultaneous ramp changes in both solar irradiance and temperature:
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Figure 14. Measured solar irradiance during a cloudy weather day: (a) Whole day and (b) scaling
down of solar irradiance to cope with simulation.
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Figure 15. Performance under influence of scaled measured solar radiation for MSX60. The actual
theoretical maximum power is also shown.

Moreover, we performed a comparative study of our modified algorithms and other
techniques published in the literature. Table 4 summarizes the comparison in terms of
the oscillation level, efficiency, response time during an abrupt increase in irradiation,
complexity of implementation, and cost. As illustrated, the proposed methodologies show
very fast tracking speeds, higher efficiencies, and neglected oscillations around the MPP.
Other techniques may provide a faster response and possible tracking capabilities for
partial shading but at the expense of complex implementation and high cost. Furthermore,
our proposed techniques can be extended to include the tracking of partial shading as has
been proposed in [42]. Regarding future work, adding this feature will be considered to
enhance the capabilities of the presented MPPT techniques.

Table 4. Comparison of the proposed algorithms with other algorithms proposed in the literature.

Oscillation Eff. (%) Response Time during Sudden

MPPT Technique PV Panel Level (W) Changes in Irradiance Complexity Cost REF
M-VSS-P&O MSX60 Neglected 99.37 Very fast Simple Medium  Our Work
M-VSS-INC MSX60 Neglected 100 Very fast Simple Medium  Our Work

Modified INC MSX60 1 96.50 Fast Simple Medium [43]
Fractional Short- . .
Cli.?glili?r;?l dSPgtr(t) PB-115 Neglected 97.56 Fast Medium Medium [44]
Fuzzy INC NA 1 97.50 Medium Complex Expensive [45]
Very Ex-
PSO SM55 Neglected 99.90 Very fast Complex pgl;l};iv)é [46]

5. Hardware Implementation

The complexity and cost of the proposed algorithms are promising factors that pave the
way for real implementation. Therefore, as a proof-of-concept, the M-VSS-P&O algorithm
is implemented on hardware to validate the usefulness of the proposed algorithm. The
proposed M-VSS-P&O algorithm is implemented for a low-voltage PV module using
Arduino Due, which is equipped with a Cortex-M3 CPU. To analyze and visualize the
output voltage and current of the PV module, the output data are exported using GDM
Digital Multi Meter (DMM) software through the serial port. DMM software receives the
data from the DMM and saves it in an MS Excel sheet. The experimental setup of the MPPT
technique is demonstrated in Figure 16a. The setup includes Arduino Due, a voltage and
current sensor (MAX471), a boost converter, and a 30-() load. The PV module used in the



Energies 2023, 16, 549

16 of 20

experimental study is shown in Figure 16b while the STC outputs of the module are shown
in the datasheet in Figure 53 in the Supplementary Materials.

Figure 16. (a) Hardware Implementation and (b) PV module.

Figure 17 shows the characteristic curves of the PV module used, as it was tested
before using the MPPT algorithm in order to acquire the I-V and P-V curves. The PV
module is tested by recording the current and voltage using DMM software. The maximum
power that PV modules can deliver is measured as 15.24 W at a voltage of 15.4 V and a
current of 0.98 A as is depicted in Figure 17.

2 T T T 20
——V
115
2 —~
z 3
. -
S 10 g
E o]
= <]
&} [-%
15
‘ . : 1o
5 10 15 20

Voltage (V)
Figure 17. Practical I-V and P-V curves of the PV module.

The response of the conventional P&O is shown in Figure 18 where the PV voltage
is plotted in Figure 18a while the PV power is plotted in Figure 18b. As can be inferred
from the figure, there is a certain delay in tracking the maximum power in addition to
the obvious oscillations. On the other hand, the modified P&O algorithm tracked the
maximum power on the P-V curve of the solar panel and continued to operate the PV
modules at that point as evident in Figure 19. Figure 19a displays the PV voltage while
Figure 19b shows the PV power waveforms of the modified algorithm. The figure clearly
indicates the improvement in the M-VSS-P&O algorithm as there are no oscillations around
the MPP in addition to the response time being reduced. The modified technique tracks the
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power of the PV module to 14 W, which exhibits an efficiency of 92%. The main reason for
the difference in efficiency between the simulation and practical implementation can be
attributed to the resolution of sensors.

5% INSTEK o w B BEEs Stop i@ 4 INSTEK w3 v @ BERS Stop @
- -
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w : f L o FAL
: I
Juls [
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Figure 18. (a) PV Voltage and (b) PV Power of conventional P&O algorithm.

er"'q. s '
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L 28H=z {28H=z

(a) (b)
Figure 19. (a) PV Voltage and (b) PV Power of modified P&O algorithm.

6. Conclusions

The performance analysis of two MPPT Algorithms, namely the P&O and INC, against
their enhanced versions, the Modified-Variable-Step Size P&O and Modified-Variable-Step
Size INC (M-VSS-P&O and M-VSS-INC), is discussed within this simulation study. Within
the context of this paper, the algorithms were implemented and simulated on two distinct
PV modules, namely, the polycrystalline MSX60 and the ST40 thin coupled with a boost
converter, to examine their performances under varying environmental statuses. All
the simulations were carried out utilizing MATLAB-Simulink software. The tracker’s
efficiency was analyzed in light of the STCs, an abrupt change in solar irradiance with a
stable temperature, an abrupt change in temperature with stable solar irradiance, under
simultaneous ramp changes in both irradiance and temperature, and finally, under real solar
radiation measurements. The simulation results generally prove that both modified MPPTs
controllers enhance steady-state and dynamic PV system performances regarding efficiency,
oscillations, and tracking speed MPP compared to the traditional MPPT techniques (P&O
and INC). Generally, the same case studies presented in this work could be applied to other
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algorithms as a measure of their effectiveness. Moreover, the hardware implementation
of conventional and modified P&O was performed. A substantial improvement of the
modified P&O algorithm over the conventional algorithm was experimentally observed in
terms of lower oscillations around the MPP in addition to a faster tracking response.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16010549/s1, Figure S1: Solar Irradiance variation (at fixed
T =25 °C) impact on (a) Ve and I and (b) voltage and current at MPP. Figure S2: Temperature
variation (at fixed G = 1000 W/m?) impact on (a) Vo, and Isc and (b) voltage and current at MPP.
Figure S3: Datasheet of the PV module used in the hardware implementation.
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