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Abstract- This paper presents a model-based approach for the global maximum power point (GMPP) tracking of solar
strings under partial shading conditions. In the proposed method, the GMPP voltage is estimated without any need to
solve numerically the implicit and nonlinear equations of the photovoltaic (PV) string model. In contrast to the existing
methods in which first the locations of all the local peaks on the P-V curve are estimated and next the place of the
GMPP is selected among them, the suggested method estimates directly the GMPP without any need for the evaluation
of the other local peaks. The obtained GMPP voltage is then given as a reference value to the input voltage controller
of a DC-DC boost converter to regulate the output voltage of the solar string at the GMPP voltage in various
irradiation conditions. Furthermore, the values of the temperature and irradiation level of each PV module within the
PV string are estimated, and therefore, the proposed method does not need to thermometers and pyranometers. This
makes it as a reliable and low-cost GMPP tracking method. The theoretical aspects on which the proposed GMPP
algorithm is established are also discussed. The comparison of the numerical results of the suggested GMPP tracking
scheme with the existing methods at different environmental conditions shows the satisfactory operation of the proposed

technique from the speed and accuracy point of views.
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1. INTRODUCTION

In recent years, due to the high costs of fossil resources,
their gradual decrease and environmental pollution
issues, the use of renewable-energy resources is
expanding day-to-day. In this regard, the solar energy
has attracted much attention in industry and academia
because of its significant benefits such as low
maintenance and operational costs and more
compatibility with the environment [1, 2]. It has been
estimated that the solar energy received by the earth is
ten thousand times more than the world’s energy
consumption needs, and therefore, it can be considered
as an endless energy resource [3]. Hence, the use of
photovoltaic (PV) technology to generate electrical
energy is growing day-to-day in a wide range of power
ratings and in a variety of applications [4].

Since PV systems still offer low efficiency and high
initial costs, some methods are required to extract the
maximum power from PV systems [5, 6]. On the other
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hand, the power-voltage (P-V) characteristic of solar
arrays is nonlinear and contains only one peak point
under uniform radiation conditions whose location
depends on the temperature and irradiation level of the
PV array [7, 8].

Due to the nonlinear and time-varying nature of the
maximum power point position, several methods have
been introduced in the literature for the maximum
power point tracking (MPPT) under uniform irradiation
conditions [9, 10]. However, in real-world applications,
especially in urban areas, non-uniform irradiation
conditions are created due to the space limitations and
existing obstacles in the installation places of PV arrays
[11]. The non-uniform irradiation condition, called as
partial shading condition, causes that the current-voltage
(1-V) characteristic of the solar arrays to be more
complex and several local peaks to appear on the P-V
curve [12, 13]. At these conditions, using conventional
MPPT methods can cause significant losses in
extracting the maximum power from the PV array [14].
Hence, the convergence to the global maximum power
point in partial shading conditions has become a
challenging issue.

There are several methods to track the GMPP in
partial shading conditions of which one can mention to
reconfiguration of PV arrays [15-17], meta-heuristic
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algorithms [1, 5, 18-20] and model-based approaches
[21-26]. The reconfiguration methods rely on the
reconfiguration of PV arrays and offer high costs due to
the use of many diodes and switches in the PV arrays
structure. Meta-heuristic based approaches are accurate
in finding the GMPP under partial shading conditions;
however, due to their repetitive nature, they offer low
convergence rate, and as a result, high tracking time.
The main advantage of the model-based MPPT
techniques is their high speed to find the GMPP.
Compared to the meta-heuristic based techniques, a
limitation of model-based MPPT methods is to use a
number of sensors to calculate the GMPP. Hence, the
model-based methods are more costly than the heuristic-
based algorithms. Nevertheless, the precision and
especially the GMPP tracking speed in model-based
methods is very high in a wide range of climatic
conditions, which increases the efficiency of the overall
system. These advantages compensate some parts of the
costs in the model-based tracking techniques.
Furthermore, the information provided by the voltage
and current sensors can be used to identify the type and
location of any fault in the photovoltaic array. These
advantages associated with the model-based GMPPT
methods are the main motivations for this research.

In Ref. [25], a model-based approach has been
proposed to find the maximum power point only for a
PV module and its applicability to detect the GMPP of
PV arrays under partial shading conditions has not been
discussed. In Ref. [26], an MPPT technique is proposed
based on the combination of the model-based and
perturb and observe (P&O) methods. The technique has
been applied to only one PV module and its ability to
track the GMPP for PV arrays under partial shading
conditions has not been investigated. A model-based
MPPT approach for PV arrays under partial shading
conditions has been presented in Ref. [27] based on the
Lambert equations of the PV modules. To find the
GMPP, the partially shaded PV array has been modeled
as a set of nonlinear equations solved using numerical
techniques such as Newton-Raphson method. From the
drawbacks of this method, one can mention its
complexity and higher computational burden and the
possibility of numerical divergence due to the poor
choice of initial conditions. In Ref. [28], a model-based
MPPT method has been proposed for PV arrays under
partial shading conditions considering two limiting
conditions: 1) the existence of only two different
irradiation levels in the PV array, and 2) assuming a

lower bound of 100 W/m2 for the irradiation level. In
Ref. [21], some relations have been presented to

estimate all the local peaks on the P-V curve of a
partially shaded PV string. In the proposed technique,
the series and parallel resistances have been ignored in
the model of PV modules and the effect of the
temperature changes on the P-V curve peaks has not
been considered. In Ref. [22], the current and voltage of
local peaks on the P-V curve of a partially shaded PV
string are estimated using some empirical relations. In
these relations, the effect of temperature changes on the
estimated coordinates of the local peaks has not been
considered. Next, the values of the respective local
power peaks are calculated by multiplying the voltage
and current values of the individual local peaks. Finally,
the location of the GMPP is detected by the comparison
of the resulting local peak powers. The approach in Ref.
[22] has been modified and extended to multi-string PV
arrays in Ref. [23].

In this paper, the coordinate of the GMPP on the P-V
curve is directly estimated without needing to solve
numerically the nonlinear equations of the PV string 1-V
characteristic. Unlike the existing methods by which
first the coordinates of all local optima points are
estimated, and then the GMPP is chosen among the
estimated local peaks, in the proposed technique, the
GMPP is directly estimated without calculating the
other local peaks, and therefore, results in less
computational burden as compared with the existing
methods. The calculated GMPP voltage is given as a
reference value to the input voltage controller of a DC-
DC boost converter connected between the PV string
and load. Hence, the partially shaded PV input voltage
is regulated at the GMPP voltage, and the global
maximum power point is tracked. Furthermore, the
temperature and irradiance level of each module is
estimated using the PV module model, and therefore,
there is no need for thermometers and pyranometers.
The technical basis in this work is the approach
proposed by the authors of the present paper in [24] for
the PV arrays modified for a PV string with two major
differences. In Ref. [24], when the approach is adapted
for the PV arrays, we still need to use iterative
numerical techniques to solve a set of nonlinear
algebraic equations. Therefore, although apparently a
more general problem has been solved in Ref. [24], but
unfortunately it is less applicable due to the time-
consuming iterative numerical solutions as well as the
danger of the iterations' divergence because of possible
unsuitable selection of initial conditions. On the other
hand, in the present work for the PV strings, we do not
need to use any numerical solutions of any nonlinear
algebraic equation. Another point that distinguishes our
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present work from Ref. [24] is a discussion on the
theoretical aspects on which the proposed GMPP
algorithm has been established. Using numerical
simulations, the proposed technique is compared to the
methods in references [21, 22, 25] from the degree of
accuracy point of the view.

The remainder of the paper is organized as follows.
Section 2 deals with the mathematical modelling of the
PV modules. The effect of partial shading on the P-V
and I-V curves of the PV strings is described in Section
3. In Section 4, the proposed GMPP tracking method is
presented. Section 5 deals with the estimation procedure
of the temperature and irradiation levels of the PV
modules within PV strings. In Section 6, the simulation
results are presented, and a comparative study is
performed between the proposed GMPP tracking
method, and the methods presented in references [21,
22, 25]. Finally, the concluding remarks are made in
Section 7.

2. THE MATHEMATICAL MODEL OF PV
MODULE
In this paper, the single-diode model of PV modules is
used considering the series and parallel resistances as
shown in Fig. 1.
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+

Fig. 1. The single-diode model of a PV module

The model parameters are determined based on the
proposed technique in Ref. [29]. The current-voltage (I-
V) relation is given by Eq. (1).
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where Iy is the PV module photocurrent generated
from the solar radiation received by the PV module
surface and is calculated by Eq. (2), lo is the diode
reverse saturation current and given by Eq. (3), Rs and
Rp are PV module series and parallel resistances
respectively and a is the diode ideality factor. V; is the
PV module thermal voltage calculated by Eq. (4).
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In Eq. (2) and Eq. (3), G is the irradiation level on the
PV module surface, ki is the temperature coefficient of
the short-circuit current, lpnn and Von are the PV
module photocurrent and open-circuit voltage under

Standard Test Conditions (STC) (T,=25 & G,=1000 ).

In. Eq. (4), Ns is the number of series connected PV
cells within the PV module, q is the elementary charge
(1.60217646x10"°¢) , k is Boltzmann's constant

(1.3806503><10'23%) and T is the PV module surface
temperature.

3. THE EFFECT OF PARTIAL SHADING ON
THE PV STRING I-V AND P-V CURVES

The PV modules are manufactured from the series
connection of PV cells to achieve high power and
voltage levels [28, 29]. PV modules are connected in
series as a PV string to obtain a higher voltage level. To
achieve high-power levels the PV strings are connected
in parallel to form PV arrays [29]. In this paper, our
focus is on the PV strings. Fig. 2(a) shows a PV string
under uniform irradiation conditions in which all the
series connected modules generate equal photocurrents.
As can be seen in Fig. 2(b), if the irradiation levels of
PV modules within the PV string are different, then the
partial shading effect occurs. In these conditions, the
shaded modules produce less photocurrent compared
with the PV string output current. As a result, the
difference between the shaded PV module photocurrent
and the PV string current passes from the parallel
resistance of the shaded PV module and a large negative
voltage is created across shaded PV modules. If this
negative voltage reaches the PV module breakdown
voltage, then the hot-spot phenomenon occurs. The
result is that the PV module is damaged and will not be
able to generate power. To avoid this phenomenon, a
reverse diode is connected across the PV module called
as a bypass diode. The bypass diode creates a short
circuit across the shaded PV module and prevents the
hot-spot phenomenon. In this case, several steps are
created on the 1-V and P-V curves of the PV string. Fig.
3 shows the I-V and P-V curves of a PV string
consisting of three series connected PV modules (see
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Fig. 2) each of which is subject to a different irradiation
level. According to this figure, one can see that
corresponding to each level of irradiation, a power peak
on the P-V curve and a step in the I-V curve is created.
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Fig. 2. A PV string consisting of series connected PV modules and
bypass diodes. (a) PV string under STC, (b) PV string under
partial shading
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Fig. 3. P-V and I-V characteristics under partial shading

4. GLOBAL MAXIMUM POWER POINT
TRACKING FOR A PV STRING UNDER
PARTIAL SHADING CONDITIONS
In the proposed method, to track the GMPP, first the
voltage and current of all PV modules within the PV
string are measured via voltage and current sensors.
Then, the maximum power point voltage of each

module V/, ; is calculated by Eq. (5) [30].

Vy =08y (1,1,

| 1+5In(G‘J ®)
G

n

In (5), Kk, is the open-circuit voltage temperature
coefficient, v_(G, ) is the PV module MPP voltage at

STC, T, is the PV module temperature at STC, T, is

the i-th PV module temperature, and O is a
dimensionless constant whose value is set to 0.05 for
multi-crystalline PV modules [30]. In the sequel, to
consider the effect of bypass diodes on the shaded PV
modules, the conditions of Eq. (6) are applied.

{V,» =—V,; :Bypass diodeis ON and x;=0 ©)
Vi >0 :Bypass diodeis OFF and x;=1

where V; is the i’th PV module voltage within PV
string whose value is measured using a voltage sensor
and x; is an integer whose value is set to zero whenever
the PV module is short-circuited via the corresponding
bypass diode. Otherwise, its value is set to 1. The
voltage Vg is the forward voltage across the bypass
diodes whose value is set to 0.8 V in this paper. During
the numerical simulations, it has been observed that at
the GMPP the MPP voltage of PV modules under high
radiation levels can be better estimated by Eq. (7)
instead of Eqg. (5). In the sequel, this issue is further
investigated. The criterion for high irradiation level
relies on the comparisons between the PV modules
measured voltage, and its estimated maximum power
point voltage calculated by Eq. (5). This means that to
improve the quality of estimations, whenever the PV
module measured voltage is greater than the value
obtained from Eq. (5), then the PV module peak voltage
is calculated by Eq. (7) instead of Eq. (5).

Vm,i = M ><Voc,n (7

where M is a proportional constant. To estimate the
value of M, 50 various radiation patterns are simulated.
In each case, the value of M is calculated as the ratio of
the fixed voltages of the PV modules with the maximum
radiation at the GMPP to their open-circuit voltage
value at STC.
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Fig. 4. The values of M (solid line) and its average (dashed line)

over 50 different radiation patterns
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As it can be seen from Fig. 4, the value of M is
varying between 0.72 and 0.85 whose average value
during 50 simulated irradiation patterns is 0.79. Hence,
in this paper, the value of M is set to 0.79.

According to Eg. (6) and writing a Kirchhoff’s
Voltage Law (KVL) around the PV string of Fig. 8, one
can reach.

Ns

Vstring = Z [Xi XVi - (1_ X ><Vd )] (8)

i=1

where V, is the PV string voltage. Next, we use

string
Eq. (8) to estimate the global maximum power point
voltage of the PV string, i.e., v . Since it is

m,string

targeted to obtain the maximum power from the PV
string, it is expected that the required operating point of
each PV module within PV string is around its

maximum power point (MPP) whose voltage, Vm'i , can

be estimated by Eq. (5) or Eq. (7). Therefore, by
substituting v/, =V,., into Eqg. (8), one can estimate

m,string

V i string :i[xi <V i _(1_Xi )de:l )

Since Eq. (9) is an approximate formula, the equality
sign “=7" in Eq. (9) must be interpreted as an
approximate equality sign “~”. To see what the values
of the PV modules are at the global maximum power
point, a PV string consisting of 10 modules is
considered as shown in Fig. 5. This PV string is
connected to a variable voltage source with a ramp
waveform whose value changes from zero to the string
nominal open-circuit voltage.

The simulation results are shown in Fig. 6. Fig. 6(a),
Fig. 6(b) and Fig. 6(c) show the module voltages with
irradiation levels of 1000 w /m? , 500 w/m? and

100 w /m?> respectively. In these figures, the circle

sign stands for the actual value of the PV modules
voltage at the GMPP, the multiplication sign shows the
PV modules MPP voltage calculated by Eq. (5), and the
star sign stands for the PV modules’ voltage computed
by Eg. (7). Fig. 6(d) illustrates how PV string power
evolves over time.

4.1. The origin of the approximations in equation (9)
to estimate the GMPP voltage
Here, the significant principles on which Eq. (9) has

been developed, is discussed. Let us consider Figs. 2(b)
and 3. Fig. 3 shows the I-V and P-V curves of a PV

string consisting of three series connected PV modules
each of which is subject to a different irradiation level
(see Fig. 2(b)). According to these figures, one can
realize that bypassing of diodes across PV modules
depends on the PV string current. For example, as can
be seen from Fig. 3, at current 1 A, none of PV modules
is bypassed, at current 2.5 A only 1 module is bypassed,
at 3.5 A there are 2 bypassed modules. According to
these figures, one can see that the global peak power in
the overall P-V curve is always aligned with one of the
local peaks created on the P-V curve. Therefore, if one
can calculate or estimate the coordinates of these local
peaks, the coordinate of the global peak is obtained
easily by comparison of all of these local peaks. In this
regard, Eq. (9) is an approximate formula that gives the
local peaks of the P-V curve in various situations of the
bypass diodes. Let us consider the following various
cases to justify how Eq. (9) gives a suitable estimation
of the GMPP voltage candidates. In the following
analysis, without loss of generality, it is assumed that
G,>G,>G; where G, i€{1,2,3} is the radiation of the i"*
PV module within PV string of Fig. 2(b).

A: Two of PV modules are bypassed
In this case, only one of the modules (the module with

the highest irradiation level of G;) remains to supply
power, and as a result, it is physically evident that the
maximum power of this module is obtained in its
maximum power point voltage V,,; estimated by Eq. (5)
or Eq. (7). Since the other two modules are bypassed,
the KVL across the PV string terminals implies that
Vi string=Vm,1=2Vq. In fact, this voltage corresponds to

the most left local peak voltage in Figure 3.

B: Only one of the PV modules is bypassed
In this case, the module with the lowest irradiation level

(G3) is bypassed and the next two modules with the
medium and highest irradiation levels (GI&G2) supply
the power. At this situation, we should estimate the PV
string voltage corresponding to the middle local peak of
Figure 3. At this point, the PV string current is equal to
the MPP current of the PV module with the medium
radiation level, i.e., I, ; .

As a result, the voltage of PV module with medium
radiation level is its MPP voltage (7,,,) and the voltage
across the PV module with the highest radiation level is
determined by its 1-V curve at In, . Here is the point
that we approximate the PV module voltage with the
highest irradiation level by its own MPP voltage,
i.e.,Vm1. As a result, based on the KVL across the PV
string terminals, (9) approximates the PV string voltage
at the middle local peak by V,, ;+7V,, »-V,.



S.M. Hashemzadeh, M. Hejri: A Fast and Accurate Global Maximum Power Point Tracking Method for ... 250

Modules with 7000 W/m"2 irradiance

Modules with 340 W/mm"2 irradiance
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Fig. 5. A PV string consisting of 10 PV modules
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Fig. 6. The voltage and power waveforms of the PV string of

Figure 5. (a) PV modules voltage under irradiation level of 1000
(%) (b) PV modules voltage under irradiation level of 500 (%)

w

(c) PV modules voltages under irradiation level of 100 ( ) (d)
the PV string output power profile

m2

C: None of PV modules are bypassed

In this case, the PV string current is determined by the
MPP current of the PV module with the lowest
irradiation level, i.e., 1, ;. Therefore, the voltage across
the PV module 3, is V,, ;. The voltage across the PV
modules 1 and 2 are determined by their 1-V curves
evaluated at the current 7, ;. Again in our technique,
these voltages are approximated by the MPP voltage of
these modules, i.e., V,,; and 7, ,. As a result, the KVL
across the PV string terminals implies that the most
right local peak voltage of Figure 3 is approximated to
Vi1tV 2tV,us as given by Eq. (9). The foregoing
analysis can be extended to a PV string with n, series
connected PV modules and therefore the general
formula (9) is verified.

4.2. The proposed GMPPT algorithm
The flowchart of Fig. 7 illustrates the step-by-step
stages of the proposed global maximum power point
tracking method for PV strings consisting of n series
connected PV modules with their anti-parallel bypass
diodes. According to the proposed algorithm in Figs. 7,
Egs. (6) and (9) are iteratively calculated until a
convergence is achieved around the GMPP. During each
iteration the turning on and off of the bypass diodes are
checked, and PV modules' voltages are measured via the
voltage sensors across the PV modules within the PV
string.

This gives the values of binary constants x; of Eq. (6).
Next, using these binary values, the GMPP voltage of
the PV string is estimated via Eq. (9) in which the value
of the parameter V,, ; is evaluated using Eq. (5) or Eq.
(7). The GMPP voltage is fed to the DC-DC converter
to regulate the output voltage of the PV string at the
calculated reference voltage via Eq. (9). During this
voltage regulation, the situation of the bypass diodes
may change, and as a result, the new reference voltage
must be calculated via Egs. (6) and (9). This process is
iterated several times until the situations of the bypass
diodes are kept constant, and a convergence is obtained.
As far as the radiation pattern and intensity are constant
over the PV modules of the PV string, the bypass diodes
turning on and off situations are constant and the GMPP
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coordinate is not changed. As soon as the radiation
pattern is changed, the new value of the PV string
GMPP voltage is evaluated through the same preceding
proposed algorithm. The validity of the equations in Eq.
(6) and Eq. (9) employed within the algorithm of Fig. 7,
is shown via extensive simulation results and
comparative studies presented in Section 6.

Calculate the PV modules MPP
voltage using (5)
Vins
I=1,23..,0s

I

Measure Voltage of modules
V;
=123 ..,n;

Vi > Vi (Vi Obtained from Eq(5))

No

Calculate the PV
modules MPP voltage
using (7)

Calculate the PV
string MPP voltage
using (8)

v

Give the MPP voltage as
a reference voltage
to the controller

Fig. 7. The flowchart of the proposed GMPP tracking method

Fig. 8 shows the schematic diagram of the overall PV
system consisting of the PV string, the temperature and
irradiation estimator block, the proposed GMPP
tracking block, DC-DC boost converter, and its input
voltage controller. As can be seen from this figure, the
global maximum power point tracking block requires
the information of the temperature and irradiation level
of the PV modules within the PV string. Hence, in the
sequel, the estimation method of PV modules'
temperature and irradiation levels is presented.

5. THE ESTIMATION OF PV MODULES
TEMPERATURE AND IRRADIATION LEVEL
To calculate the maximum power point voltage of PV

modules using Eq. (5), the temperature and irradiation
levels of PV modules are required. These quantities can
be measured via pyranometers and thermometers.
However, using temperature and radiation sensors will
increase the overall cost of the MPPT controller and
decrease its reliability during sensor malfunction.

PV string

DC - DC Boost converter

L D
Iaaas )

PR R
1 1

fin

Temp ¢
and Irradiance

Estimator
Vi

Vi Yoltage of Modules , G;: Irradiance of Modules , T;: Temperature of Modules

=120

Fig. 8. The schematic diagram of the overall PV system consisting
of A PV string, the temperature and irradiation estimator block,
the GMPP tracking block, the DC-DC boost converter, and its
input voltage controller

Therefore, to reduce costs and increase the system
reliability, the temperature and irradiation levels of PV
modules are estimated. To estimate these quantities, a
current sensor to measure PV string output current and
ng voltage sensors to measure PV modules voltages are
required where ng is the number of PV modules within
PV string. The approach by which the values captured
by the voltage sensors are transferred to the converter
depends on the distance between the PV string and the
converter. In the low distances, the output of the voltage
sensors as the voltage signals can be directly transmitted
via a wiring connection between sensors and converter
control system. However, in the long distances, the
voltage signal transmission, may offer several problems.
The series resistance between the sensors and the
converter is a function of distance, the type of wire,
temperature, etc. In these conditions, the voltage drops
in the wiring system may cause significant errors in the
estimation of the PV string GMPP voltage as well as
inaccurate performance of the proposed GMPPT
algorithm. In this situation, a possible solution is to use
the current signal instead of voltage signal as a data
carrying signal. The reason is that the current is constant
in a loop irrespective of the proposed parameters such as
distance, type of wires, temperature, etc. To do this, it is
necessary to convert the voltage signal generated by the
voltage sensors to electric current signal and then to
transmit it. In the destination, besides of the converter, a
reverse process is done, and the current signal is
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converted to the voltage signal by passing through a
resistor.

5.1. PV modules radiation estimation
To estimate radiation, according to the method

presented in Ref. [17], first the photocurrents of PV
modules within PV string are estimated by Eq. (10).
Next, the PV module radiation is calculated via Eq. (11).

V, +IR V, +IR
loni =1 +I{exp(%j—1}+% (10)

t P

G, — _phi=n (11)

where i=1,2,...,n,. In these relations the value of | is
measured only by a current sensor, and the PV modules’
voltages are measured using voltage sensors whose
numbers are equal to the number of PV modules within
the PV string. It is noted although the values of R, R,
and a change with the variation of the PV module
temperature and irradiation level [30], however, since
their effect is minimal on the value of 7,,, all these
parameters are calculated at STC conditions.
Furthermore, it should be noted that the estimated
values for PV modules’ temperature and irradiation
levels are not correct when the modules are shorted by
their bypass diodes. This is because in these conditions,
the voltage across shorted PV modules is approximately
zero. However, it does not matter because when PV
modules are short-circuited, they do not contribute in
the PV power generation and there is no need for their
radiation information. The effect of these modules is
considered as the negative of the bypass diode forward
biased voltage in Eqg. (9).

5.2. PV modules temperature estimation
After estimating of PV modules’ radiation levels (G;),

their surface temperatures are estimated by Eq. (12)
[35].
GA, =VI +U A, (T —Ta) (12)
where U, is the overall heat exchange coefficient, 4,
is the area of the PV module surface, and 7, is the
ambient temperature. Similar to the case of the
irradiation estimation, the estimated value of the PV
temperature will be invalid when PV modules are short-
circuited by their antiparallel bypass diodes. Therefore,
the amounts of temperature and irradiation levels are
estimated correctly just when PV modules generate
power. This is not a matter because according to the
proposed method, the values of the temperature and
irradiation levels are required only in the case that the
PV modules contribute to the PV power generation.

6. RESULTS AND DISCUSSION

This section deals with the simulation results of the
proposed GMPP tracking technique and compares it
with three other model-based GMPP tracking methods.
It is noted that using computer simulations is an
effective way to compare different MPPT methods,
since any temperature and irradiation pattern can be
considered by it with a high level of flexibility [34]. In
this paper, all the simulations are performed in
MATLAB/Simulink. The PV module used in the PV
string is MSX60, and its specifications are given in
Table 1. A DC-DC boost converter is used to regulate
PV string output voltage at the GMPP voltage, and its
designed parameters are given in Table 2.

Table 1. Catalogue values of the PV module MSX60

Module Parameters at STC Values
Maximum Power (B,4,) 60 W
Open Circuit Voltage (V;,C_n) 211V
Maximum Power Voltage (V,,,) 171V
Short Circuit Current (I, ) 384
Maximum Power Current (I,,,) 354
Number of Series Cells (N) 36
Temperature Coefficient of Iy, (k;) 3 7:1—:
Temperature Coefficient of V. (k,) -0.08 Kc
Overall heat exchange (Upv) 28.8 mI:/"K

PV module area (4,,) 0.5547 m?

Table 2. The designed parameters for the DC-DC boost converter

Parameters Values

Input Capacitor (C;) 20 uF
Inductor (L) 12 mH

Inductor Resistance (1;) 0.01Q

ON State Resistance of the Switch (R,,) 0.10Q
Diode Forward Voltage Drop (V) 08V
Switching Frequency (f;) 20 kHz
Output Capacitor (C,) 15 uF

Load Resistance (R;) 170 Q

The three methods presented [21, 22, 25] are
compared with the proposed technique under 10
different irradiation patterns given in Table 3, in a PV
string consisting of 10 modules, see Fig. 5. The
comparison between these methods is done from the
viewpoint of the GMPP estimation accuracy. The results
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of the comparison between the proposed technique and
the methods presented in references [21, 22, 25] are
given in Table 4. In this table, Vg 1mpp is the estimated
GMPP voltage, and E,, is the error percentage in the
GMPP voltage estimation given by Eq. (13).

£ _b’estm\/ﬂpﬂxmo

act,,mpp

(13)

where Vgermpp IS the actual value of GMPP voltage.
Moreover, E,, is the error percentage in the estimation
of GMPP power, and its value is given by Eq. (14).

P

E - est,mpp Pacl,mpp| %100

pt P

act ,mpp

(14)

In Eq. (14), Py mpp and Py, are the estimated and
actual values of the GMPP power, respectively.

In Table 4, for the 71", 9™ and 10" irradiation patterns
of Table 3, the method in Ref. [29] was not able to give
an accurate estimation of the GMPP. Furthermore, the
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proposed method in Ref. [21] gives the GMPP with a
high error value for the 4" irradiation pattern of Table 3.
The method in Ref. [22] does not give a correct value of
the GMPP corresponding to the 7" irradiation pattern of
Table 3. The maximum errors on the estimation of the
GMPP voltage and power by the suggested method are
3.67% and 2.36% respectively. The average error value
in the estimation of the global maximum power by the
proposed technique and the methods in references [21,
22, 25] for the 10 radiation patterns of Table 3 are
0.5850%, 3.8057%, 7.1015% and 2.0889% respectively.
These results prove that the statistical performance of
the proposed GMPP tracking method is superior than
that of the existing works in references [21, 22, 25]. It is
noted that Ref. [21] and Ref. [22], have not used any
estimation method for the evaluation of the temperature
and irradiation levels of the PV modules. The estimation
method proposed in Ref. [29] is exactly the same as the
one employed in our work.

Table 3. 10 different irradiation patterns for the comparative studies between the proposed GMPP technique and the methods presented in
references [21, 22, 27]

Cases Irradiance of modules (%)
1 G,=1000  G,=100  G;=1000  G,=700 G¢=700 G,=200 G¢=200 Gy=200  G,,=1000
2 G,=100 G,=100 G;=100 G,=600 Gg=600 G,=800 Gg=800  G,=1000  G;,=1000
3 G,=200 G,=200  G;=1000  G,=1000 Gs=1000 Gg=1000 G,=1000  Gg=1000  Gy=200  G,;=200
4 G,=1000  G,=800 G;=700 G,=700 G¢=200 G,=200 Gg=200 Gy=200  G;,=200
5 G,=800 G,=800 G;=700 G4=600 G¢=500 G,=500 Gg=300 Gy=300 G,p=100
6 G,=1000 G,=1000 G;=1000 G,=1000 G5=1000 G¢=200 G,=200 Gg=200 Gy=200 G,p=200
7 G,=700 G,=500 G;=1000 G4=500 G5=1000 G¢=700 G;=1000 Gg=500 Gy=700 G;p=1000
8 G;=1000  G,=300 G;=900 G,=800 G¢=800 G,=300 Gg=300 Go=300  G;,=900
9 G;=1000  G,=1000  G;=1000 G,=1000 Gs=1000  G4=700 G,=700 Gg=700 Gy=700  G;,=700
10 G;=900 G,=900 G;=900 G,=100 G5=100 Gg=100 G,=600 Gg=600 Go=600  G;,=600

Table 4. The results of GMPP voltage and power estimations and their corresponding errors by the proposed technique and the methods in
references [21, 22, 27]

Cases 1 2 3 4 5 6 7 8 9 10
Vestmpp 9681 11110  87.19 7448 11230 7133 16370 8860 16070  114.30
Proposed E,% 367 102 038 156 216 002 232 2.34 0.21 2,60
method Papp 22780 24010 3062  187.30 20330 25050 297.30 259 40210  233.90
E% 236 0.1 006 019 063 004 091 052 0.05 0.99
Veomps 9653 11241 9093 8134 11484 7918 5584 9618  76.78 191.31
Themethodin ~ E.,% 351 014 409 751 005 1104 6672 601 5212 7171
[27] Papp 22850 24030 3018 17320 2045 22270 19480 24910  238.60 65.81
Epe % 192 002 150 771 004 1113 3507 432 6860 72.14
Vostmpp 10194 11920 8357  87.02  117.99 76 17388 9808 16991 12007
Themethodin  E.,% 931 619 452 1501 280 658 353 8.10 5.96 7.78
(1] Py 192 21950 303 120 20020 24210 28880 23670 37670  209.10
E,% 1772 890 111 3606 215 339 374 9.08 6.36 11.50
Vesomps 8425 11080 8120  73.25 11282 71 12725 8748 1595 98.4
Themethodin  Fer% 966 129 723 319 171 043 2423 358 0.54 11.67
[22] Papp  219.60 23990 29840 18610 20370 25040 24240 25750 40220  218.20
Ex% 589 018 261 084 043 008 1921 109 0.04 7.64
Vactmpp (V) 9326 11225 8753 7566 11478 7131 16795 9073 16036 11140
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Py (W) 233.34 24035 306.39 187.67 20459  250.60  300.02 260.35 402.28 236.25
Table S. Irradiation patterns used in time simulations of a PV string consisting 10 PV modules

Time (5) Irradiance of modules (%)

0-0.08 G,=1000 G,=900 G;=800 G,=700 G5=600 G4=500 G,=400 Gg=300 Gy=200 Gp=100
0.08-0.16 G;=900 G,=900 G3;=900 G4=600 G5=600 G=600 G,=600 Gg=100 Gy=100 Gp=100
0.16-0.24  G;=1000  G,=1000  G3;=1000 G4=700 G5=700 G4=500 G,=500 Gg=500 Gy=100 Gp=100
024-032  G;=1000 G,=700 G3;=500 G4=900 G5=600 G4=1000 G,=600 Gg=100 Gy=600 Gp=600

Table 6. A more precise investigation of the proposed GMPP method’s speed and accuracy
Time (S) Vact,mpp(v) Vest,mpp (V) Pacr (W) Pmpp (W) E@y % Ept% TraCking time (S)
0-0.08 98.65 96.22 178.1 175.89 2.46 1.24 0.012
0.08-0.16 111.3 110.2 236.2 235.77 0.99 0.18 0.006
0.16-0.24 131.95 129.2 234.3 232.51 2.08 0.76 0.005
0.24-0.32 151.62 152 275.3 275.1 0.25 0.07 0.004
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Fig. 9. The simulation results of the proposed GMPP tracking
method for the radiation patterns of Table 5. (a) the output power,
(b) the estimated GMPP voltage

In the sequel, the radiation pattern is changed in
certain times to evaluate the dynamical performance of
the proposed GMPP tracking method. These radiation
patterns are given in Table 5. The PV string power and
voltage profiles are shown in Fig. 9(a) and Fig. 9(b)
respectively. Table 6 provides a more precise
investigation from the GMPP tracking time and quality.
According to this table, it is evident that the GMPP
tracking time in the proposed method is very low during

irradiation level changes.

Furthermore, as it can be seen from this table, the
maximum error in tracking of the global maximum
power is less than 2%. Fig. 10(a), Fig. 10(b), Fig. 10(c)
and Fig. 10(d) illustrate the P-V curves of the PV string
under different radiation patterns of Table 5. Moreover,
the actual value of the global maximum power for each
irradiation pattern is visible in these figures. The
simulation results show that the performance of the
proposed method is desirable from speed and accuracy
point of views. An interesting nontrivial problem is to
prove theoretically the convergence of the proposed
algorithm to the GMPP. What is evident from the
simulation results is that the proposed algorithm solves
online a mixed integer nonlinear optimization problem
to find its global optimum point.

The proposed algorithm finds the GMPP intelligently
in the sense that it does not check all the local peak
candidates given by Eq. (6) and Eg. (8). This can be
observed, for example, from Figs. 9(b) and 10(a). While
in Fig. 10(a), the range of local peak voltages belongs to
the interval [0, 200] V, according to Fig. 9(b), the search
span relies on the interval [0, 100] V. It should be noted
that a limitation of the proposed model-based GMPPT
technique is the voltage sensors connected to each PV
module of the PV string to estimate PV modules
radiation levels. At the first glance, this causes that in
the practical implementation of the PV system, the
overall cost increases due to the use of voltage sensors
with the number of existing modules. However, since
the cost of the radiation sensor (pyranometer) is much
higher than that of the voltage sensor, the cost parameter
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is improved by removing the radiation sensors. In
general, the model-based methods are more costly than
the heuristic-based algorithms. Nevertheless, the
precision and especially the GMPP tracking speed in
model-based methods is very high in a wide range of
climatic conditions, which increases the efficiency of
the overall system. These advantages compensate some
parts of costs in the model-based tracking techniques.
Furthermore, the information provided by the voltage
sensors can be used to identify the type and location of
any fault in the PV string [35].
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Fig. 10. P-V curves corresponding to the radiation patterns of
Table 5. (a) P-V curve during time interval of (0-0.08) s, (b) P-V
curve during time interval (0.08-0.16) s, (c) P-V curve during time
interval (0.16-0.24) s, (d) P-V curve for the time interval (0.24-.32)

7. CONCLUSIONS

In this paper, a new model-based approach has been
presented for the global maximum power point tracking
of PV strings under partial shading conditions. The
suggested GMPP tracking technique neither needs to
solve numerically the implicit and nonlinear equations
of the PV modules nor to use complex and time-
consuming meta-heuristic algorithms. In contrast to the
existing model-based techniques in which the
coordinates of all local peaks of PV strings are
estimated, in the proposed technique, the location of the
GMPP is directly estimated without any need to
evaluate the locations of other local peaks on the P-V
curve. The simulation results show that the suggested
method is accurate enough and its maximum errors on
the estimation of the GMPP voltage and power are
below 4% and 3% respectively. In addition, its GMPP
tracking speed is below 15 ms, which is quite fast as
compared with the time constants of irradiation changes
in practice. The proposed technique was compared with
three other model-based GMPP tracking methods, and
the results confirmed its superior statistical performance
as compared with the existing methods.
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