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ABSTRACT The power versus voltage curve of a photovoltaic (PV) panel exhibits several maximum power
points (MPPs) in a partial shading (PS) condition. Thus, it remains an optimization challenge to ensure
that PV systems operate at their global MPP (GMPP). Scanning the output characteristics of the PV panels
seems a general solution for this issue. However, applying a short circuit to the terminal of PV panels where
there exists an electrolytic capacitor, has a detrimental effect on the lifetime of the system. To this end,
in this article, a GMPP estimator is proposed as a global solution for conventional maximum power point
tracking (MPPT) algorithms under PS conditions. The proposed technique improves existing simple MPPT
algorithms with original approaches as follows: first, an accurate microscopic analysis of a PV characteristic
in PS conditions is considered, second, an original definition of the dominant cells and modules in a PV panel
is proposed that allows to reduce the PS patterns to a finite number, and third, the search area for the MPPT
operation is reduced to find the accurate GMPP by proposing two voltage boundaries. The lower boundary
corresponds to the GMPP under uniform shading condition that can be determined using a closed form
formula, while the upper one refers to the GMPP of a dominant cell in a PV module that can be determined
using an artificial intelligence technique. This can also help set the initial duty cycle in a convex area around
the GMPP. The functionality of the proposed GMPP estimator is experimentally validated.

INDEX TERMS Dominant cell, dominant module, global maximum power point (MPP) (GMPP) estimation,
hill climbing algorithm, partial shading (PS) pattern, steady-state oscillation.

I. INTRODUCTION
Photovoltaic (PV) energy is a promising solution in address-
ing climate change and long-term energy security. However,
the energy efficiency of PV systems can be negatively
affected when individual modules of a PV array receive un-
equal amounts of solar irradiance, known as a partial shading
(PS) phenomenon. This condition changes the number of
maximum power points (MPPs) and varies the voltage value
of global MPP (GMPP) significantly [1], [2], [3].

The PS phenomenon has been interpreted in two
different ways, i.e., macroscopic and microscopic analyses.

Macroscopic analysis refers to a different, uniform irradiation
distribution on PV panels of an array. Thus, the PS condition
happens to an array rather than a panel resulting in multiple
peaks in the equivalent current–voltage (I–V ) curve of the
array [4], [5], [6], [7], [8]. This analysis is suitable for string
inverter applications. The microscopic analysis refers to a
PS as an uneven irradiation pattern on a PV panel in which
one or a number of cells have different shading conditions
due to some obstacles, such as peripheral objects, snow, bird
droppings, and dust. In comparison with the macroscopic
analysis, this analysis shows an accurate and real behavior
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of an electrical characteristic of a PV system under PS
conditions. Thus, this analysis is considered in the present
contribution to ensure that PV systems operate at their GMPP
rather than at local ones under PS conditions.

Existing inverters on the market are commonly equipped
with traditional maximum power point tracking (MPPT) con-
trollers such as the Hill climbing (HC) [9] and the perturb
and observe (P&O) techniques with a similar fundamental
approach to achieve the MPP [10]. Although these MPPT
techniques have simple control mechanisms and are easy to
be implemented, they can only find the single MPP under
uniform irradiation patterns. These methods fail to track the
GMPP under PS conditions where the electrical characteris-
tics of the PV panel bear multiple peaks, not to mention a slow
convergence and power fluctuations in the steady state. Two
solutions are offered to address the MPPT problems in this
condition. In the first solution, the MPPT algorithm basically
is implemented by a traditional method and a heuristic method
accompanies it to improve its performance. For example, the
P&O technique was improved by integrating with grey wolf
optimization [11], combining with particle swarm optimiza-
tion [12], or modifying its algorithm [13], [14]. In the second
category, this algorithm is completely based on the heuristic
optimization techniques such as team game optimization [15],
firefly algorithm [16], grey wolf optimization [17], particle
swarm optimization [18], whale optimization [19], simulated
annealing [20], artificial bee colony [21], ant colony opti-
mization [22], cuckoo search [23], and voltage and current
perturbation [24]. Each solution has been able to address a
particular issue of those including getting stuck in a local
maximum power point (LMPP), slow convergence time and
power fluctuations in the steady state.

Scanning the I–V curve directly by changing the current or
voltage of a PV panel from zero to its short-circuit current or
open-circuit voltage value was used in [25], [26], [27], [28],
[29]. This method has several advantages such as estimating
the GMPP value very fast, avoiding getting stuck in the LMPP,
detecting the occurrence of the PS conditions and all required
information about the situation of PV panels. However, the
electrolytic capacitor at the PV panel terminal can be degraded
or failed due to its regular charging and discharging during
the I–V curve scanning. Moreover, because of voltage tran-
sient response of the electrolytic capacitor in parallel with
the PV panel, a high current during the scanning procedure
is inevitable. Another way to estimate the GMPP is based on
a prepared dataset using a PV cell model. Then, an artificial
intelligence (AI) model is built using the dataset to estimate
the GMPP [30], [31], [32], [33]. However, in these research
works, the irradiation value on each PV panel is uniform and
PS condition is supposed as a different irradiation value on
one or some PV panels in an array of PV panels (macroscopic
analysis). While, in reality, the shading pattern on a PV panel
can be uneven (microscopic analysis). This causes an increase
in the voltage value at the GMPP in comparison with the even
shading condition, therefore, the accurate GMPP cannot be
calculated. The problem regarding the microscopic analysis

is that there are infinite number of shading patterns on a PV
panel and each pattern creates a unique I–V curve. On the
other hand, having information about the shading pattern is
not straightforward. Digital camera and image processing can
be used to detect the PS pattern [34], [35], [36], [37], [38]
and consequently the dominant cells of a PV panel. But this
method increases the complexity and price of the system and
its implementation is not feasible in every situation.

To overcome the above mentioned issues, and due to lack
of a sophisticated method for harvesting the maximum en-
ergy from a PV system in a reliable and efficient way in
PS conditions, a novel GMPP estimator is proposed, which
helps achieve a high penetration of solar systems. To this
end, as a first contribution, a microscopic analysis of the
PS condition is taken into account for modeling. Then, as a
second contribution, for an accurate and effective analysis of
PS conditions, the concept of a dominant cell in a module
of a PV panel is proposed that can reduce the number of
infinite PS patterns to a set of finite ones. Finally, as a third
contribution, two voltage boundaries, i.e., the lower voltage
and upper voltage are proposed in PS conditions in which the
voltage at the GMPP occurs. The lower voltage corresponds
to the GMPP under uniform shading condition that can be
determined using a closed-form formula. The upper voltage
refers to the GMPP of a dominant cell in a PV module. Since
this upper voltage is affected by temperature, irradiation, and
PS depth in a nondeterministic way, an AI technique is used
for its estimation. In addition, the AI technique can be used as
an initial condition estimator for the MPPT algorithm. The
proposed technique has capability to improve any existing
MPPT techniques suffering from the complexity, accuracy in
tracking the GMPP, cost, and speed. The effectiveness of the
proposed technique in tracking the GMPP with rapid con-
vergence and small fluctuations is validated numerically and
experimentally through its application to a conventional HC
MPPT algorithm.

The rest of this article is organized as follows. In Section II,
the scanning method and the effects of microscopic analysis
are discussed. Then, the concept of dominant cell and module
in a PV panel are introduced and the GMPP boundaries and
using AI to estimate these boundaries in PS conditions are
explained in Sections III and IV. The experimental results of
using the proposed method in an MPPT algorithm are pre-
sented in Section V. Finally, Section VI concludes this article.

II. SCANNING METHOD EFFECTS AND MICROSCOPIC
ANALYSIS
The boost converter, connected to the terminal of the PV
panels to implement the MPPT algorithm and to increase the
level of voltage, is able to perform the scanning method. Fig. 1
shows the implementation of this method and its operation on
the I–V curve. First, the system is operating at point OP, then
the MOSFET of the converter turns ON to create a short circuit
at the terminal of the PV panel. When the voltage of the PV
panel reaches zero, the MOSFET turns OFF and measuring the
PV voltage and current is started to sweep the I–V curve.
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FIGURE 1. Boost power optimizer scanning method. (a) Boost power
optimizer. (b) Scanning trajectories for the boost converter.

Supposing the shading condition on the PV panel is even,
therefore, the PV panel is almost a current source when a
short circuit is applied to its terminals and its current is almost
equal to IOP at the left-hand side of point OP. In this condition,
(1) shows the current of the MOSFET (iMos) when it turns ON

to create a short-circuit supposing negligible resistance of the
inductor (L), capacitor (C), and MOSFET

iMos(t ) = IOP + iRes(t )

iRes(t ) = IOP cos (ωrt ) − VOP

√
C

L
sin (ωrt )

= Imax sin (ωrt − ϕ)

ωr = 1√
LC

, Imax =
√

I2
OP + C

L
V 2

OP (1)

where ωr , IOP, VOP, C, L, and Imax are the resonance fre-
quency, operating current, operating voltage, terminal capac-
itor value, inductor value, and the maximum current value,
respectively. Fig. 2 exhibits a typical current, which shows
applying a short-circuit causes a high amount of current,
therefore, it damages the electrolytic capacitor, and as a result,
the interval between two consecutive scans should be long
enough to avoid increasing the temperature of this capacitor.
In addition, the nominal current of the MOSFET should be
higher compared to the current of the MOSFET in a nonscan-
ning power optimizer. Fig. 3 is another implementation to
solve this problem. As seen, Q3 is used to disconnect the

FIGURE 2. Short-circuit current flowed toward the MOSFET.

FIGURE 3. Specialized circuit for scanning the I–V curve. (a) Specialized
circuit. (b) Scanning trajectories.

terminal capacitor from the PV panel then the scanning pro-
cedure starts by turning ON Q1 and charging CScan. Also, Q2

is used to discharge CScan and to reset the circuit for the next
scan. The terminal capacitor is not affected by the scanning
operation; therefore, its lifetime in this scanning method is the
same as in a PV system without any scanning circuit. How-
ever, CScan that is an electrolytic capacitor sinks this current
and is affected by its detrimental effects.

The information acquired by the scanning method seems
suitable but as explained, its detrimental effect on the lifetime
of the system is inevitable; therefore, it is not a favorable
method in a real application. On the other hand, all this in-
formation such as the short-circuit current of all PV panels,
the open-circuit voltage, and the number of PV panels in
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FIGURE 4. Typical PV panel in PS condition.

the PS condition is not necessary for a lot of applications
such as the MPPT algorithm. In these applications, having
knowledge about the voltage value at the GMPP is enough.
Consequently, another method should be designed to have a
real-time feedback, especially in PS conditions similar to the
scanning method without any detrimental effect on the sys-
tem. From this perspective, preparing a dataset and applying
an AI technique are promising. But the problem is that there
are an infinite number of PS patterns for a PV panel, each
one with its own I–V curve. Therefore, a method should be
devised to limit the number of PS patterns on a PV panel.
On the other hand, evaluating and quantifying a PS pattern
as the input of the AI tool should be done by the terminal
boost converter to avoid extra cost and complexity caused by
a separate data preparation circuit.

III. PS MODELING USING DOMINANT CELL AND
MODULE IN A PV PANEL
As previously mentioned, there are an infinite number of PS
patterns for a PV panel, each one with its own I–V curve.
Therefore, there is one GMPP for each pattern and it seems
impossible to estimate the GMPP for all these patterns. But it
can be shown that the number of PS patterns can be decreased
by knowing its mechanism and defining some simple terms as
follows.

Each PV panel consists of several modules of PV cells,
where a module of cells consists of a number of series cells
that are in parallel with a diode. Depending on the pattern of
PS, a number of cells in each module may be in a shading con-
dition. For example, Fig. 4 shows a typical PV panel covered
by snow with three modules of cells, each module has Ng cells,
which one cell in module 1, two cells in module 2 and three
cells in module 3 are under PS conditions. The shaded cells
are shown by the black area and a bigger black area means
bigger shading area. Two terms, namely dominant cell and
dominant module can be defined to evaluate the effect of the
PS condition on the I–V curve of a PV panel and consequently
on the MPP position. The I–V curve of each cell can be

FIGURE 5. I–V curve of module 1.

achieved by the well-known one diode model as shown in the
following equation:

IC = KshIph − Io

(
e

q(VC+RSIC )
aKt T − 1

)
− (VC+RSIC )

RP

×
(

1 + Kd

(
1 − (VC+RSIC )

V

)−nd
) (2)

where Iph, Io, RS , RP, a, q, Kt , T , Kd , nd , and Vbr are
photo-generated current, inverse saturation current, series
and parallel resistance, diode ideality factor, electron charge,
Boltzmann constant, temperature in Kelvin, fraction of current
involved in avalanche breakdown, avalanche breakdown expo-
nent, and breakdown voltage, respectively. In PS conditions,
the photo-generated current of shaded cell has to be multiplied
by a coefficient depending on the depth and extension of
shading area on the shaded cell (Ksh) [34]. Also, the reverse
part of (2) should be regarded because the shaded cell works
in the reverse area of its I–V curve.

Fig. 5 shows the I–V curves related to the module 1 in
Fig. 4 including one shaded cell and Ng − 1 unshaded cells.
As can be seen, before the point A, the equivalent I–V curve
is almost the same as in the nonshading condition. As soon
as the current value tends to be increased, the I–V curve is
affected by the shaded cell until it reaches the point B. After
this point, the terminal voltage of this module tends to be
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FIGURE 6. I–V curve of module 2.

negative, therefore, its parallel diode becomes forward biased
and the terminal voltage stays at a zero value. Fig. 6 illustrates
the same process for module 2 of Fig. 4, in which two cells
are in PS conditions. Dashed red lines show the I–V curve
of shaded cells and the pale blue line depicts this curve for
the remaining cells in nonshading conditions. Before point
A, the I–V curve of this module is almost the same as the
dark blue dashed line, which is associated with the condition
when all cells are in a nonshading situation. But, after point A,
the curve is affected by that of cell 1, which has the deepest
shading condition. It means that Ksh of this cell in (2) is less
than the other shaded cell. In other words, in each module of
PV cells which is in PS condition, the I–V curve of the module
is dominantly affected by the cell that has the lowest Ksh. This
cell is called a dominant cell in this article. In fact, two mod-
ules have almost the same I–V curve if their dominant cells
have the same conditions, and other cells in these modules
have a small effect on their I–V curve. This small effect goes
back to the open-circuit voltage of a module, which is the sum
of open-circuit voltage of its cells. The open-circuit voltage
changes slightly with different irradiation values. Also, the
short-circuit current varies in a small range by increasing the
number of shaded cells consequently, the I–V curves appear
in the form of Fig. 7 associated to one cell (dominant cell)
in a shading condition and to other remaining cells with the
same irradiation equal to the dominant cell (even irradiation

FIGURE 7. I–V curve boundary of a module.

FIGURE 8. I–V curve of PV panel.

curve). Therefore, knowing the GMPP of these boundaries can
provide the required information to identify the GMPP. The
same procedure can be considered for modules that generate
the I–V curve of a panel. Fig. 8 shows typical I–V curves of
three modules highlighted in Fig. 4 as well as the equivalent
I–V curve of the PV panel. By increasing the current from
zero to the short-circuit current level, the diode of module 2
becomes forward biased before those of module 1 and finally
module 3. In fact, the higher generated power usually occurs
in a higher voltage in the I–V curve of a PV panel. Therefore,
module 2 can be defined as the dominant module of this panel
because it determines the I–V curve of the PV panel in higher
voltage ranges.

IV. GMPP BOUNDARIES ESTIMATION IN PS CONDITIONS
As shown in Fig. 7, the electrical characteristic of a PV panel
under PS conditions happens in a zone between the lower
and upper boundaries. The lower and upper boundaries are
related to the electrical characteristics of a PV panel under
even and uneven irradiation, respectively. Fig. 9 highlights the
voltage value at the GMPP of a PV panel under even (VG_E )
and uneven (VG_U ) irradiation. The solid curves are associated
to the condition when all cells have the same shading depth
(even shading) and the dashed line represents the situation
when just one cell has this value of shading depth. VG_E

can be calculated analytically and in a closed-form equation,
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FIGURE 9. P–V and current versus voltage for even and uneven irradiation
condition (The black solid curve is for the PV panel in which all cells have
the shading rate equal to the dominant cell and the blue dashed curve is
for the PV panel in which just one cell has the shading rate equal to the
dominant cell).

while VG_U can be determined based on the dominant cell of
a PV module using an AI technique. It is worth mentioning
that these boundaries can be used as the search space for
estimating the proper initial condition for MPPT algorithms.

A. GMPP UNDER EVEN IRRADIATION
Equation (3) shows the current of a module (I) composed of
Ng PV cells as a function of its voltage (V ) in even irradiation

I = Iph − Io

(
e

q(V +RSGI)
aNgKt T − 1

)
− (V + RSGI )

RPG

RSG = NgRS, RPG = NgRP (3)

where RSG and RPG are series and parallel resistance for a
module. The generate power can be expressed as a function of
voltage by multiplying both sides of (3) by the voltage. Setting
the derivative of power with respect to voltage to zero and
applying a Taylor expansion of exponential function results in
the voltage value at the GMPP, which can be calculate by (4)
and is equal to UG_U

VG_U = VGMPP =
(

Voc + 2

m

)
−
√

2

m
Voc + 4

m2

m = q

aNgKt T
. (4)

B. GMPP UNDER UNEVEN IRRADIATION AND ESTIMATION
OF THE CONVEX AREA
An MPPT algorithm guarantees finding the GMPP when the
I–V curve is convex. But the I–V curve of the PV panel
in PS condition is not convex; therefore, this algorithm may
get stuck in the LMPP. To solve this problem, the convex

FIGURE 10. I–V curves and the GMPPs for ET-M53695 PV panel in
different temperatures and shading conditions.

FIGURE 11. Neural network to estimate the GMPP for a panel with two
modules.

area around the GMPP can be detected as the tracking area.
Using this method, not only finding the GMPP is guaranteed,
but also the speed of tracking will increase significantly. As
explained in the previous sections, GMPP is between VG_E

and VG_U ; therefore, these values determine the tracking area
for the MPPT algorithm. Usually PV panels have 1, 2, or 3
modules depending on the number of PV cells. As a case
study, a PV panel with 2 modules and Ng cells in each module
is used for simplicity. In this way, the acquired knowledge can
be generalized easily to a PV panel with more than 2 modules.
Each module in this panel in PS conditions has one dominant
cell in shading conditions while the remaining Ng − 1 cells
have an even irradiation. The I–V curve of the dominant cell
as well as other cells in the even irradiation can be achieved
numerically for each module under non STC using (2). Then,
the upper boundary of the I–V curve for each module can be
determined using the method explained in Fig. 5. Finally, the
upper boundary of the I–V curve for a panel can be obtained
based on the hypothesis highlighted in Fig. 8. Therefore, VG_U

for each condition can be calculated. In this way, a series of
I–V curves related to the dominant cells for the ET-M53695
PV panel under different conditions and their GMPP are
shown in Fig. 10. It can be seen that VG_U is a function of tem-
perature, irradiation and coefficients representing the depths
of shading (Ksh1 and Ksh2 for ET-M53695 PV panel, which
has two modules). An AI technique could be a powerful tool
train and estimate this function. Fig. 11 shows this network
for a panel with two modules. It has as inputs the temperature,
irradiation, and coefficients for dominant_cells and as output
the voltage at the upper boundary. The chosen neural network
architecture has two hidden layers with 5 neurons in each
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FIGURE 12. GMPP upper and lower boundaries in a system with N PV modules (blue dashed line: the upper I–V boundary, red dashed line: the lower I–V
boundary, blue solid line: the upper P–V boundary, and red solid line: the lower P–V boundary).

layer (determined experimentally) and one neuron in the out-
put layer. The lower boundary of the GMPP can be calculated
using (4). As mentioned, the GMPP will occur somewhere
between the lower and the upper boundaries; therefore, the
average of these points is the best choice as an initial condition
for the MPPT algorithm.

C. GMPP BOUNDARIES ESTIMATOR FOR A GENERAL CASE
Fig. 12 illustrates the proposed initial point estimator for a
PV system comprising N PV panels. Case (a) and (b) show
two PS conditions when the temperature (T ) and irradiation
value (G) is the same while each PV panel has different
shading rate value (Kshia for case (a) and Kshib for case (b),
i = 1, 2, . . . , N). The upper and lower boundaries are shown
for both cases and for all PV modules. As seen, the GMPP
voltage value is between two boundaries for each case. In
other words, if the temperature, irradiation value, and shading
rate for each module are available, theses boundaries for these
conditions can be calculated. A dataset is prepared by chang-
ing theses values as the input data and the upper boundary or
the average of these boundaries as the output. Then, a neural
network as depicted in Fig. 13, is trained for this system,
which is used as the initial point estimator for the GMPP
tracking algorithm. The temperature (T ) and irradiation value
(G) are measured by their sensors. Also, the shading rate is
measured by setting the output voltage of the PV system from

FIGURE 13. Neural network to estimate the GMPP for a system with N PV
modules.

( N−1
N + 1

2 )Voc, ( N−2
N + 1

2 )Voc, . . . , 1
2Voc as seen in Fig. 12

and measuring the short-circuit current of each PV module. As
seen from Fig. 5, the shading rate of a PV panel is proportional
to the short-circuit current, therefore, these shading rates are
measured to estimate the initial point at the beginning of the
GMPP tracking algorithm or whenever the PS is detected.
Under dynamic conditions, detecting the shading rate of the
dominant cells is also performed whenever the irradiation or
PS condition pattern changes. In MPPT algorithms, the PS
conditions or changes in the irradiation are detected when the
difference between two consecutive samples of the generated
power is greater than a predefined value. Therefore, when this
condition occurs, the system starts the initial point estimation
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FIGURE 14. Photos of PV panel with some shading patterns.

FIGURE 15. I–V and P–V curves for one and all cells in shading condition
for ET-M53695 PV panel measured by I–V 400 w (Solid curves for one cell
(dominant cell) in PS condition and dashed curves for even shading).

by measuring the shading rate of the dominant cells, as ex-
plained above.

V. EXPERIMENTAL RESULTS
In order to examine the performance of the proposed GMPP
estimator, the ET-M53695 PV panel in different shading con-
ditions is used as shown in Fig. 14. The values for Iph, Io,
RS , RP, and a for this panel are 5.0 A, 0.224 μA, 0.226 �,
1670 �, and 1.398, respectively. These values are calculated
by measuring the current and voltage at several operating
points and applying the Newton–Raphson method to solve
the single diode model of the PV panel in (3). The shading
conditions were produced manually and the I–V 400w PV
Panel Analyzer was used to measure the I–V and P–V curves.
The upper and lower boundary of I–V and P–V curves of this
panel are shown in Fig. 15 when one or all cells are in the
shading condition. As seen, the voltage at the GMPP occurs
between these two boundaries as it was explained in Figs. 7
and 9. In this case, it was between 16.67V and 18.39V . Voc

and m were 20.1V and 1.73, respectively, therefore, the volt-
age at the GMPP (the lower boundary) can be calculated using
(4), which is equal to 16.30V . Also, the upper boundary can
be calculated using the model. The temperature, irradiation,
and depth of shading for both modules (Ksh1 and Ksh2) were
32◦C, 486 W

m2 , and 0.6, respectively. The upper boundary of
the model is 18.27 V. In general, the boundaries of the voltage
at the GMPP are estimated between 16.30 V and 18.27 V. The
prediction error achieved in comparison to their real value

FIGURE 16. Prepared PV system to implement the proposed method.

TABLE 1. Parameters of the System

FIGURE 17. P–V curve of the PV panel.

(i.e., 16.67 V and 18.39 V) is low enough (i.e., 2.22% error
for lower boundary and 0.65% error for upper boundary).

An experimental setup was prepared to evaluate the perfor-
mance of the MPPT algorithm using the proposed method, as
shown in Fig. 16. This setup mainly consists of a boost power
optimizer, battery and some resistors in parallel as a dc load,
TerraSAS PV simulator to generate P–V curves, current and
voltage measuring sensors, inductor, and capacitor. The pa-
rameters of the experimental setup are shown in Table 1. The
MPPT algorithms were implemented using TMS320F28335
DSP microcontroller. As shown in Fig. 17, two scenarios
are taken into account to evaluate the performance of the
proposed method in comparison with the traditional HC
algorithm. It should be emphasized that almost all traditional
MPPT algorithms such as HC or P&O or heuristics and more
sophisticated methods such as grey wolf optimization and
PSO require initial points. If these initial points estimated
correctly, the performance of that method improves signifi-
cantly. In other words, the result of each MPPT algorithm
should be compared with its result when it is equipped with
the proposed initial point of this article. In this article, the HC
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FIGURE 18. PV voltage and current for case (a) (the traditional method on
the left and the proposed one on the right).

FIGURE 19. PV voltage and current for case (b) (the traditional method on
the left and the proposed one on the right).

MPPT algorithm is considered to prove the effectiveness of
the proposed initial point estimator in the GMPP tracking per-
formance improvement. Fig. 18 shows the current and voltage
for the traditional and proposed method for case (a).

As explained in Section IV, the shading rate of each PV
panel should be measured at the beginning of the MPPT al-
gorithm or whenever the PS occurs as the input values for the
neural network shown in Figs. 11 and 13. This step is shown
by a dashed area in the experimental results. After this step,
these values and the irradiation and temperature ones build
the input data for the neural network model, which provides
the initial point for the MPPT algorithm. As can be seen, the
proposed MPTT method has a lower convergence time to find
the GMPP (250 ms for the traditional HC in comparison to
100 ms for the proposed method). Moreover, the fluctuations
in the steady state improved using the proposed method.

Fig. 19 shows the current and voltage for the traditional and
proposed method for case (b). As expected, the traditional
HC algorithm gets stuck in the local MPP (37.5 V) while
for the proposed MPPT algorithm the GMPP (17.5 V in this
case) is guaranteed due to the accurate detection of the GMPP
boundaries using the proposed estimator.

Figs. 20 and 21 show the generated power for both algo-
rithms under cases (a) and (b). As seen, in comparison with the
traditional method, the power fluctuations using the proposed
method over the period of finding the GMPP as well as in the
steady state are considerably improved. In addition, Fig. 21
shows that the PV system generates a lower power using the
traditional method (37 W) rather than the proposed MPPT
technique (57 W), highlighting the fact that the traditional HC
MPPT is unable to find the GMPP.

FIGURE 20. Generated power for case (a) (the traditional method on the
left and the proposed one on the right).

FIGURE 21. Generated power for case (b) (the traditional method on the
left and the proposed one on the right).

VI. CONCLUSION
In this article, a GMPP estimator was proposed as a global
solution for MPPT algorithms under PS conditions. To this
end and for an effective analysis of the PS condition, the con-
cept of a dominant cell in a module of a PV panel is proposed
that can reduce the infinite number of potential PS patterns.
Then, the lower and upper voltage boundaries to track the
GMPP with a rapid convergence and small fluctuations were
proposed. The lower voltage boundary was determined using
a closed-form formula, while the upper one was determined
using an AI technique. In addition, these boundaries were
used to determine an initial condition for MPPT algorithms.
The proposed GMPP estimator was then applied to a tra-
ditional HC MPPT algorithm. An experimental setup was
built to evaluate the capability of the proposed technique. The
experimental results under different PS conditions validated
the proposed technique effectiveness since the GMPP was
successfully tracked with a low convergence time and small
fluctuations.
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