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and output capacitor for the boost converter so that the maximum
PV output is achieved and the decision speed of MOSFET switching
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Research Article duty cycle remains within its permissible range.

1. Introduction
1.1. Research Motivation

Solar power will remain a renewable and sustainable energy source because of its
superior environmental friendliness and abundant availability. Maximum power point
tracking (MPPT) is a technique employed in solar power systems to optimize the
extraction of electricity from photovoltaic (PV) modules, which is achieved by closely
monitoring the operational state of the modules. To optimize the electricity output from
a solar panel, it is essential to use MPPT, particularly in situations where the weather
conditions are uncertain [1]. In order to mitigate global warming, it is imperative to
substitute hydrocarbon deposit systems with renewable energy sources, such as the sun
and wind [2]. To enhance the efficiency of renewable energy systems, PV systems are
equipped with an MPPT algorithm to ensure that each module operates at its optimal
power point [3]. PV cells exhibit a voltage-current curve that accurately represents their
operational state. The maximum power point (MPP) of this curve occurs when the cell
generates the highest amount of power to be delivered to a load. The cellular function is
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diminished when it is not operational. This paper focuses on the layout and manipulation
of a boost converter for MPPT in a PV device. The intention is to calculate the best variety
of output resistance, minimal inductance, input capacitor, and output capacitor for the
boost converter so that the maximum PV output is achieved and the decision pace of
MOSFET switching is obtained by adopting the combined resistance-predictive approach.

1.2. Literature review

There are straightforward techniques to achieve optimal power output in both
conventional and dynamic shading scenarios. The MPPT method has been designed to
optimize the power output of a solar panel system in the presence of partial shadowing
[4]. The topics of discussion in [5] included energy storage, solar production, and
optimization of production system dimensioning with storage. Grid-connected PV
systems are sized according to the selection of modules, DC/AC inverters, and auxiliary
equipment [5]. Reference [6] presents the application of particle swarm optimization
(PSO) to maximize the highest power output of PV systems. It also aims to identify the
most effective design variable for penalizing the step size of two conventional methods.
The authors in [7]| propose a bionic two-stage MPPT control method to enhance the
precision and speed of the MPPT process. The strategy consists of a fast-positioning stage
and a precise determination step, which optimize the duty cycle of the DC-DC converter.
The authors in [8] propose a new method to maximize the power output of a PV system
by using the Horse Herd Optimization (HHO) algorithm in various weather circumstances.
Fault analysis and protection of distributed generations, such as PVs and wind turbines,
are also a concern of academia and have been addressed in [9] even though there is a
research gap concerning comprehensive work on the protection of PV cells [10].

References [11] and [12] have carefully analyzed the reactions and the electricity
production process, accounting for most reasons for changing the behavior of solar panels
against weather fluctuations based on the amount of received photon energy and
describing the amount of energy gap between the p and n junctions of the semiconductors
inside the panel. The most basic model of a PV that has a diode is obtained from these
references. The simplest configuration of a PV system incorporating a diode can be
derived from these sources. Reference [13] introduces a sophisticated software package
that efficiently determines the ideal capacity of PV systems for the electrification of
remote and rural areas. The software addresses the challenge of minimizing
transportation, electrification, and maintenance expenses. Reference [14]| presents a
model aimed at optimizing smart homes to enhance the efficiency and reduce energy
consumption of electricity generated by PV systems. The outputs of this model will include
establishing the composition of walls and windows, calculating the ideal size of panels,
and identifying the most suitable location for them. The researchers in [15] developed
systems with numerous PVs exhibiting distinct characteristic curves. The primary
objective was to ascertain the precise elevation, angle of inclination towards solar
radiation, and the most favorable placement for each panel. The full-bridge cascade
converter is an inverter widely used in PV systems. It was specifically designed in [16] to
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be more robust than its previous versions, offering increased reliability, reduced
switching losses, improved efficiency, enhanced short-circuit fault capability, and greater
stability in the face of extreme weather fluctuations. Boost converters are extensively
employed in PV systems and have seen the development and implementation of multiple
structures. The structure described in [17] utilizes a parallel input (parallel input
inductors)-series output (series output capacitors) configuration, which has
demonstrated excellent efficacy in mitigating current ripple. In addition, the converter
proposed in [18] does not require a transformer and possesses the inherent capability to
evenly distribute the power obtained from PV arrays. This converter operates with an
input voltage of 24 V and outputs a voltage of 100 V at a frequency of 100 kHz. It is
specifically built to handle a nominal power of 60 W. Reference [19] presents the design
and construction of a multi-level inverter that connects PV arrays to the grid. This inverter
has a modular and extendable structure and allows for adding a stabilizer to each panel.
The PV units with numerous panels are typically categorized into two types of equivalent
circuits: a) single-unit models and b) multi-unit models. In the former type, all panels are
treated as a complete unit connected to the grid via a single transformer and impedance.
This approach necessitates a few computations and has garnered recommendations from
numerous international standard organizations. However, when the panels are situated
in significantly distinct geographical locations, this technique exhibits a pretty substantial
margin of error, rendering it not advisable [20]. The concept of categorizing PV panels
into various clusters is introduced in multi-unit models. Each cluster is represented by an
equivalent PV unit, which consists of a complete panel, an equivalent impedance, and a
comprehensive transformer. In this approach, the PVs in each cluster are assumed to be
almost identical, with any minor variations being disregarded. Given the exceptional
precision of multi-unit models, this approach is widely employed in numerous simulation
studies and analyses of grid-connected solar power facilities. The single-unit model is a
distinct type of multi-unit model [21].

Typically, three models have been proposed for solar cells, including the single-diode,
two-diode, and multi-diode models. The single-diode model has the fewest physical
parameters. As a result, it has widely been employed in numerous studies to depict the
voltage-current characteristics of cells using only four or five parameters. This model is
highly cost-effective in terms of mathematical and computational resources, but its
precision is contingent upon the specific solar cell technology employed. Several studies
indicate that this model exhibits a slight bias towards optimism when predicting the
behavior of the cell, as it incorporates a higher proportion of solar energy from the sun in
its calculations. However, the actual output of the solar cell is lower than the values
obtained from these calculations [22]. The two-diode model is a modified version of the
single-diode model that distinguishes between two distinct operating modes of the solar
cell: the high-voltage mode and the low-voltage mode. The high-voltage mode of this
model is identical to the single-diode mode. However, the low-voltage mode is simulated
using a separate diode, and the impact of recombination within the solar cell is considered.
The two-diode approach is highly appropriate for situations characterized by low levels
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of solar radiation or low ambient temperatures. Consequently, it yields more precise
outcomes regarding the performance of the solar cell under low radiation situations [23].
The multi-diode model has superior accuracy compared to alternative models, effectively
capturing the solar cell's performance throughout varying temperature conditions and
radiation levels. This model requires access to diverse facts that must be precisely
characterized by measurement under varied conditions, and these items are not readily
accessible in several information sheets. This model exhibits a significant computational
burden and is not time-efficient, but it has yielded highly favorable outcomes in numerous
solar cells [24].

The peak power and voltage levels are not constant and vary in response to
temperature and the angle of sun exposure. By monitoring the power output, the PV
system can achieve its highest level of efficiency, resulting in reduced operational costs.
There exist numerous variations of MPPT methods, typically categorized into two groups:
conventional approaches and novel methods relying on computational algorithms [25].
The soft computing-based methods are novel MPPT approaches that encompass the
following techniques: a) fuzzy logic control, b) artificial neural network method, c)
adaptive neural fuzzy methods, and d) metaheuristic algorithms, such as genetics and
differential evolution [26]. Multiple concerns have been identified in the design of the MPP
tracker converter. A subject discussed is the investigation of the link between the
equivalent resistance of the PV cell, the output resistance of the converter, and its duty
cycle. This analysis, referenced as [27], aims to identify the most efficient converter for
connecting the solar cell to the load. The design of the MPP tracker converter, as described
in reference [28], represents the power electronic converter as a variable resistance.
However, the equivalent impedance of the power electronic converter does not include
an inductor or capacitor. The MPP tracker converter has traditionally been designed using
conventional methods for DC-DC converters connected to voltage sources [29]. However,
it is important to note that the solar cell, being fundamentally nonlinear, cannot be
regarded as a linear power supply. Hence, this approach will not yield accurate outcomes.
Another approach employed in the design of the MPP tracker converter involves the
utilization of small-signal analysis [30]. Nonetheless, this analysis does not encompass the
function of the inductor and capacitor in the converter. So, it is unfeasible to compute the
inductor and capacitor of the converter using this approach. The calculations pertaining
to the design of the inductor and capacitor for the MPP tracker converter are available in
[31]. The operation mode of the boost converter has always taken into account continuous
current, assuming optimum weather conditions. Reference [32] designed a maximum
power tracker buck converter operated based on the predictive model control approach.
The proposed power point tracking method is the internal inductance method, which is
used as the reference signal of the predictive control model. This optimization technique,
which is available online, predicts the current and future condition of the system. This
strategy has the benefit of a fast transient response and the elimination of disturbances,
in contrast to conventional methods.
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The authors in [33] presented an MPP tracker boost converter with a maximum power
detector. This converter utilizes a mix of perturbation and observation (P&0) method
together with the predictive model control method. Simply put, the predictive control
system utilizes the MPP as its reference signal. The impact of altering the step size of the
tracking method has also been subjected to sensitivity analysis. This strategy offers the
benefit of eliminating any instances of overshoots and undershoots that are associated
with switching. Reference [34] discusses the incorporation of the P&0 MPPT and the
prediction model control methods. This method has been implemented in a boost
converter that is coupled to a solar cell. The speed of this method in achieving the MPP
has been enhanced, and its capacity to control voltage has been boosted as well. The
impact of variations in irradiation and ambient temperature on the suggested method has
been examined, and the method has been successfully deployed in real-time. References
[35-37] introduce a resilient controller for accurately tracking the MPP of a single-phase
multilevel inverter. This is achieved by the use of a predictive control model, resulting in
enhanced P&O techniques. Previous methods have been surpassed in efficiency and speed
of the control loop, resulting in reduced switching losses as well.

1.3. The significance of research

Given the expansion of PV technology, its efficient operation is crucial both technically
and economically. Furthermore, it is crucial to develop models for converters with the
objective of MPPT from a scientific and research perspective. The adoption of predictive
control approaches also enables the industrialization of these techniques. This paper aims
to enhance MPPT by designing and controlling the step-up converter of the PV system.
The range of output resistance, minimum inductance, input capacitor, and output
capacitor for the boost converter are calculated to ensure efficient MPPT. Predictive
control is employed to enhance the speed of MOSFET switching decisions. The study
introduces a novel approach to enhancing the MPPT in a PV system by implementing a
resistive-predictive step-up converter control.

1.4. Novelty and main contributions

The novelty of the research lies in calculating the ideal range of output resistance,
minimal inductance, input capacitor, and output capacitor for the boost converters so that
the maximum PV output is executed and the selection speed of MOSFET switching is
received by means of adopting a mixed resistance-predictive method.

The remaining of the paper is as follows. Section 2 describes the suggested model, while
Section 3 provides a detailed explanation of the program execution algorithm and Section
4 provides the details of the implementation of simulations.

2. Materials and Approaches

This section first presents the equations related to the solar cell model, its technical
specifications, and the topology of the MPP tracker converter. Then, the hill climbing (HC)
tracking method is studied, and based on the concept of the predictive control model
method, the combination of these two methods is implemented in MPPT.

Journal of Green Energy Research and Innovation 1(2) (2024) 81-102



Improving the Maximum Power Point Tracking in a Photovoltaic System ... m

2.1. PV cell model

As the primary source of energy production in PV systems, the solar cell is of particular
importance. The importance of its modeling and the types of models available for it were
briefly discussed. This study used the most common and simplest solar cell model, called
the single-diode model. It should be noted that this model is mostly used in medium and
acceptable levels of irradiation and is not very suitable for applications with poor
irradiation. Therefore, a simplifying assumption is to consider the appropriate radiation
in the studied time period. If more in-depth studies are needed, two-diode or multi-diode
models are recommended to be considered. The equivalent circuit diagram of a single-
diode solar cell is shown in Figure 1.

Currents Ipn, Is, and Ipv represent the flow of photons, the dark saturation current, and
the output current of the cell, respectively. Also, the series and shunt resistance of the cell
are represented by Rs and Rsh, respectively. As is known, the relationship between the PV
voltage and the current is not linear due to the presence of the diode. Using the KVL laws,
the relationship between the voltage and current of the PV cell [31,38] is represented by
Equation (1):

oy = Ipn — I (e(ivvavI?VRS) - 1) _ Wov IR - LevRs) (1)
sh

where Vr is the thermal voltage obtained based on Boltzmann's constant, the
temperature of the p-n junction, and the electric charge of the electron according to
Equation (2):

_ kT

Vr = p (2)

For each voltage, Equation (3) must be solved to reach the current-voltage
characteristic curve of a PV. In this equation, the photon current shows the dependence of
the problem on solar radiation. The dark saturation current also shows the dependence
of the equation on the ambient temperature. The MPP is usually obtained by adjusting two
series and shunt resistors. The calculation of photon currents and dark saturation is
obtained based on the information in the datasheet of each solar cell based on Equations
(2)and (3) [21, 31]:

Figure 1. The single-diode model of a PV cell [21].
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G
Iph = G_ Usee + Ki(T — Tge) (3)
stc
I = Isc + Ki(T B Tstc)
s — 4
o (to+ BT} )
T

where G is the solar radiation, STC shows the standard test conditions, Gs:« is the
radiation in standard conditions, Ki denotes the temperature coefficient of short-circuit
current, Ts« is the temperature in standard conditions, and kv expresses the temperature
coefficient in open-circuit voltage.

Based on the characteristic curve of solar cells, the voltage-to-current ratio of the cell
can be observed at the operating point of maximum power, and by dividing the cell voltage
by its current, the equivalent resistance of the circuit can be obtained from the point of
view of the solar cell. If there is no change in the amount of solar radiation or temperature
conditions, this value will remain almost constant. Therefore, the equivalent resistance
from the PV point of view at the maximum power operating point will be given by
Equation (5):

Vmp

Ry =72 (5)

Since it is possible to use PVs in different radiations and temperatures, the resistance
equivalent of the MPP must be obtained over a range of radiations. Also, a range for the
minimum and maximum values of resistance equivalent to MPP should be considered so
that the design of the boost converter can have an acceptable efficiency.

2.2. Circuit analysis of an ideal boost converter for MPPT purposes

The circuit schematic of an MPP tracker boost converter is shown in Figure 2. As shown,
the input side of the converter is connected to the solar cell, and the other side is
connected to the load. If the boost converter is assumed to be ideal, i.e., no losses are
considered for switching this converter, based on the law of energy conservation, it can
be said that the input power of the converter is equal to its output power, so it can be
written as Equation (6) [31]:

Vzmp V2,
Pinput = Poutput - Rmp = R, (6)

Sk d

Figure 2. Circuit schematic of a boost converter for MPPT purposes [31].
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Because the purpose is the operation and control of the boost converter in the
continuous current area, a linear relationship is established between the input and output
voltage of the boost converter based on the duty cycle, as given in Equation (7):

Vinp
Y=1"0 (7)

Therefore, by replacing Equation (7) in Equation (6), the relationship given in Equation

(8) is obtained.

R — _fmp (8)
0 =
(1-D)?
The required duty cycle of the boost converter control is provided in Equation (9).
R, = M
(1-D)? (9)

Therefore, the duty cycle is somehow dependent on the relationship between the
equivalent resistance of the solar cell and the output resistance of the boost converter and
is determined based on its ratio.

2.2.1. Determining the range of output resistor

It is assumed that the radiation is at its lowest permissible limit. In other words, it is
placed at the highest value of its permissible range. In such a situation, the duty cycle can
also change from Dmin to Dmax as its allowed value. In this case, the minimum and maximum
values of the output resistance are obtained nu Equations (10) and (11), respectively [34]:

max
Ry

(1 - Dmin)2 (10)

min _
R™ =

R
RMax — D
)

B (1 - Dmax)2 (11)

On the other hand, assume that the solar radiation is at its maximum value; that is, Rmp
is at the lowest value of its allowed range, i.e., R%,". In such a situation, the duty cycle can
also change from Dmin to its allowed value of Dmax. In this case, the minimum and maximum
values of the output resistance are calculated by Equations (12) and (13), respectively:

Rpin — __Rmr’
1- Dmin)2
min
gmax — __fm (13)
(1 - Dmax)2

(12)

2.2.2. Sizing the inductance

According to Figure 2, when the power switch is closed (when the switch is on), the
inductor starts charging and the voltage of the two ends of the solar cell is placed in the
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two ends of the inductor (V, = V},,,,). The turn-on duration of the switch is also 4t = DTs.
Therefore, the current of the inductor starts to increase from its initial value, and the value
of this increase based on the relationship between the voltage and current of the inductor
(Faraday's law) will be equal to Equation (14):

Ai, . DTy D (14)
VL = LA_t i AlL = TVmp = EVmP

Equation (14) determines the ripple value of the inductor current. On the other hand,
since the average current passing through the capacitors is equal to zero, the average
current of the inductor will be equal to the average current of the solar cell, so Equation
(15) is established:

I = Iy (15)

The boundary between discrete and continuous operation is when the current ripple
Ai;is equal to the average current of the inductor I;. So, Equation (16) is established as
follows:

_ DT, DT, DYV, (16)
IL:ALL_)ImI):K: mp_)L=K: mp—>L=7ﬁ

As it is known, the value of the inductor in the critical state can be determined based

. . . Vmp .
on the voltage and current of the maximum power point of the cell. The ratio I—’"” is the

mp
same equivalent resistance (R,,p) of the solar cell. Therefore, we can have [33]:
D Rip \ (Rmp
b= Layorm (1o [fn ) (Ron) a7
£ Ry |\ [

According to Equation (17), it can be said that determining the inductor value is a
function of three parameters: solar cell resistance, switching frequency, output resistance,
and duty cycle. To better understand, Figure 3 shows the depiction of the two equations
given in Equation (17).

30 Rmp(max) 50
R ()

mp

Figure 3. Inductance value based on solar cell resistance, output resistance, and duty cycle [33].
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Figure 3 shows the relationship between the inductor and the resistance of the solar
cell in different output resistances, and the lines with constant slopes represent the same
relationship but in different duty cycles. From the intersection of these curves, the
required inductor values of the boost converter are determined. The lowest allowed value
for L is when the resistance of the solar cell and the diode cycle are at their minimum. So,
we will have Equation (18):

Rmp | Rmp. (18)
Ry | fs

The peak point of the curves in Figure 3 can be obtained by differentiation of Equation

D, )
Lin = ;Lm Rrrrrllzl)n =l1-
s

(17). If it is assumed that Ro is constant, then by differentiating Equation (17) with

respect to the variable Rip and setting it to zero, we will have Equation (19):
L. d __ |Rmp\ Rmp _ |BRmp\ _d (Rmp
dRmp  dRmp (1 Ro ) it (1 Ro )dRmp( fs ) (19)

By applying derivation and simplifying the results, Equation (20) is obtained:

1/ 1 \R Rpmp \ 1 3[R
Lrl1- 22 )==0-1-2 |=2=0 (20)
2 [RoRmp | 1 R, |fs 2 | R,

Therefore, by solving Equation (20) and replacing it in Equation (17), Equation (21) is
obtained as follows:
Rmp 4 1Rmp

> L =—=
R, 9 3 fs

(21)

2.2.3. Determining the duty cycle

The permissible duty cycle range is determined by assuming that the output voltage of
the boost converter is constant and its current is continuous as given in Equation (22):

Vmp nrlrzljax nrlrzl)in
D=1-"25Dpin=1——"2— Dpax =1— (22)
‘/O min ]/O max ‘/0

2.2.4. Sizing the input capacitor

The input capacitor is used to reduce the input fluctuations of the boost converter. This
capacitor is placed in parallel with the solar cell. If the capacitor is not present, the current
passing through the cell changes greatly with a small change in the cell voltage based on
the characteristic curve, and the cell may be far away from the MPP [39]. If the voltage of
the solar cell changes, the electric charge changes in the capacitor, and an opposite current
is generated in the capacitor, which is obtained from Equation (23):

Al = Ci% (23)
Hence, the size of the input capacitor is provided by Equation (24) [39]:

- —ALAt <Dvmp Aty N (1= D)(Vpmp — Vo) At ) 24)
' AV fsL AV, fsL AVnp
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The current passing through the capacitor changes during two-time intervals of At; =
D 1-D
7 and At = o so we have:
B (DVmp D (1—-D) DVppp (1 — D)> _ DV (25)
fsL fsAViy fsL  1—=D fiAVy, fELAV,,,
in which the value of the switching frequency is known, so the value of the input
capacitor will be the function of the duty cycle, the inductance of the inductor, and the

voltage ripple of the solar cell [39].

i

2.2.5. Sizing the output capacitor

The output capacitor is determined to adjust the output voltage ripple. Usually, when
the power switch is ON, the current of the output capacitor is discharged in the resistance,
and therefore its voltage changes according to Equation (26):

DV,
Co, =
fRoAV,

(26)

2.3. Model prediction control method

The use of MPPT with predictive control is presented in this paper. This is due to the
fast dynamic response suitable for controlling this type of system. It can be easily
implemented and included in all types of systems, nonlinear constraints and situations,
and multivariable cases for control and with easy implementation. The desired behavior
of the system is formulated. In this control scheme, the open-loop model is used to predict
and select the desired excitation, which provides a predictive horizon for control
feedback. This means that only the first element of the optimized excitation sequence is
applied and the entire optimization is recalculated at the sampling period. The block
diagram of the proposed predictive control system for the system under study is shown
in Figure 4.

Ve (k)

Ve (k) Predictive
ir (K) Control )

»| Minimization of
g
function

—

A 4

Figure 4. Block diagram of the prediction control [33].
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The output voltage vc(k) and filter current i{k) are measured for prediction by Equation
(27) [33].

x(k+1) = Agx(k) + Bgu;(k) + Bgqio (k) (27)
Where:
Ts T
A, =e"5,B, = J. e4"Bdr,and By, = f e4B,dr. (28)
0
0
The dynamic behavior of the output voltage can be stated as Equation (29):
dve . .
C d—; =i — i, (29)

where C is the capacitor of the filter.

3. Case Study and Results
3.1. Case Study

The solar cell used in this study is a 50-W monocrystalline panel marketed under the
brand name of MartSPM050-M. The specifications are presented in Table 1.

The maximum amount of irradiation in this study is 1000 W/m? and its minimum value
is 200 W/mz2. Studies have been done with irradiances of 200, 400, 600, 800, and 1000
W/mz2

3.2. Data of the boost converter

Some parameters are predetermined by the manufacturer or the standards before the
design for designing the boost converter. These parameters play an important role in
solving the problem. Table 2 presents the technical data required for designing the boost
converter.

Table 1. The technical data of the studied PV cell [33].

Parameter Symbol Value Dimension
Open-circuit voltage Voc 22.53 \"
Short-circuit current Isc 2.97 A
MPP voltage Vinp 18.68 \
MPP current Imp 2.77 A
Temperature.coe.fficient of the open- K, -0.0789 Celsius/V
circuit mode
Temperature coefficient of the short- )
circuit mode Ki 0.1485 Celsius/mA
Irradiance in standard conditions Gstc 1000 W/m?
Temperature in standard conditions Tste 25 Celsius degree
Boltzmann'’s constant k 1.38x10-23 Joule/Kelvin
Charge of an electron q 1.6x10-19 Coulomb
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3.3. Simulation results
3.3.1. Extracting the characteristic curve of the PV cell

The characteristic curve of the solar cell is obtained by Equations (1) to (4) and
according to the technical information mentioned in the datasheet of the solar cell (see
Table 1). The current-voltage curve of the solar cell is shown in Figure 5. Also, Figure 6
depicts the voltage-power characteristic of the cell. The voltage-resistance characteristic
of the solar cell is also depicted in Figure 7.

Table 2. The technical data required for designing the boost converter [33].

Parameter Symbol Value
Switching frequency of IGBT fs 20
Maximum ripple of the PV cell voltage AVip/Vmp 1
Maximum ripple of the converter output voltage AVo/V, 1
Maximum ripple of inductor current AlL/TL 15
Minimum allowable duty cycle Dmin 10
Maximum allowable duty cycle Dmax 60
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Figure 5. The V-I characteristic curve of the PV cell.
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Figure 6. The V-P characteristic curve of the PV cell.
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Figure 7. The V-R characteristic curve of the PV cell.

Figure 5 shows the dependence of PV behavior on irradiance. The graphs related to
higher irradiation are placed on the top of the other graphs. This means that the higher
the irradiation, the larger the short-circuit current. Also, the current corresponding to the
MPP will increase. From the point of view of open-circuit voltage, irradiation does not
greatly impact the results.

It is inferred from Figure 6 that with the increase of irradiation, the PV power curve is
placed above the other graphs. This means that the ability to extract thermal energy has
increased and it is possible to obtain more solar power. The voltage of the MPP does not
express much changes, but the current supplied by PVs has increased due to irradiation,
and as a result, the power has increased.

From the perspective of the equivalent resistance of the solar cell, it can be seen in
Figure 7 that the increase in irradiation leads to a decrease in PV resistance, and the lowest
amount of resistance belongs to the highest amount of solar radiation. Also, this resistance
changes depending on the voltage at both ends of the panel and shows a strictly upward
and exponential trend with respect to voltage changes. In order to transfer the maximum
power to the load, the impedance must be adjusted and the PV operating point must be
determined. These figures, especially Figure 7, give the minimum and maximum
resistance values of the solar cell in different radiations. In this study, the minimum

resistance of the solar cell is at the MPP, equal to Rrrn“g,” =6.62Q, which belongs to the
irradiation of 1000 W/m?2. The maximum resistance of a solar cell is Ry7* =29.87Q, which

belongs to the irradiation of 200 W/m?2.

Table 3. The results of designing the boost converter components under three different

conditions.

Element Constant R, Limitless Ro Ro with a forced limit
Output resistance () 38.996 | Rheostat from 8.1728 to 186.68 | 1cOStat fr;’;n 8.1728 to
Output capacitor (uF) 75.39 111.90 111.90

Inductance (mH) 1.92 5.97 3.45
Input capacitor (puF) 9.54 3.14 3.14
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3.3.2. Boost converter design using power control tracking

In this part of the simulation, the behavior of the designed converters is examined from
two viewpoints, including:

Scenario 1: The constant output resistance, constant irradiation, and initial duty cycle
value are set to 35%. By changing the constant-step duty cycle, the converter tries to track
the power point using the HC method, without violating its allowed range.

Scenario 2: The output resistance is variable, the irradiation remains constant, and
only the cell output voltage fluctuates by 10%, the constant-step duty cycle tries to adjust
the output voltage of the boost converter.

To examine the above scenarios, it is necessary to implement them with MATLAB
software. The Simulink toolbox was used to simulate this method. The circuit diagram of
the implementation of this converter in MATLAB software is shown in Figure 8.

Duty Cycle Limits

Intial Value for D output (Dinit)
Upper Limit for D output (Dmax) Duty Cycle
Param
Lower Limit for D output (Dmin) [ o1 | Enabled
nabple
petta D S e
ED>—1
Control Circut
V_PY
JA<V_PV>
m
(I P
Irradiation = e EEB‘
C_in i % C_o i R_o %
) s ﬁ T
Temp : .
PV Arrey 1
|: Boost Converter
Continuous
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Figure 8. A schematic of the circuit implemented in the Simulink toolbox.
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Figure 9. The performance of the power tracking system in achieving the MPP by adjusting
the duty cycle at constant output resistance.
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Figure 10. The effect of changing the output resistance (relative to the optimal value) for
MPPT in the irradiation of 400 W/mz2.

The amount of radiation remains constant during each simulation, but the voltage of
the solar cell and the current passing through it change, and the duty cycle must increase
or decrease its value (with a constant step) based on the MPP. In the case that the
resistance is constant, only the duty cycle can be effective in the results of the problem.
Nonetheless, if the resistance is chosen as a rheostat, changing the resistance can also be
used as an auxiliary solution.

Scenario 1 (constant output resistance): Figure 9 shows the performance of the
power tracking system for different irradiations. The information about the inductor,
capacitors, and output resistance is taken from the information in the first column of Table
3 and applied to the simulation.

Figure 10 illustrates well the result of the distance of the output resistance value from
its optimal value. As is evident, the MPP is found faster in the selected optimal value than
in other cases. As the distance from the optimal value increases, the time to reach the MPP
also increases. The second remark is that changing the value of the output resistance has
led to a change in the duty cycle. In the case of irradiation of 400 W/m?, it can be seen that
the duty cycle is not limited. Only if the output resistance is halved (striped blue), the
tracking system reaches its limit and the solution will not be very acceptable. The third
remark is that the less the irradiation, the higher the possibility of the system not being
able to reach the duty cycle. The duty cycle limitation may lead to the lack of access to the
correct solution. On the other hand, increasing the output resistance may cause the system
to face a high duty cycle limit. Another factor indicating the correctness of the design of
the proposed tracking system is examining the amount of input voltage ripple, inductor
currentripple, and output voltage ripple in each of the MPPs obtained in the system, which
is shown in Table 4.

Scenario 2 (variable output resistance): In this scenario, the output resistance is not
constant and is designed based on the second column of Table 3 of circuit elements. The
analysis of scenario 2 is also similar to scenario 1, with the difference that the results are
not checked only in one output resistance but the justification of the system's behavior in
a range of resistances from 8.17 to 186.68 () must be investigated. The ability of the
system to find the MPP in different ranges of irradiation and output resistance is one of

Journal of Green Energy Research and Innovation 1(2) (2024) 81-102



n M. Mohseni et al.

the important issues. First of all, in the beginning, it should be determined what range of
output resistance will be acceptable for each irradiation, and in that determined range,
the tracking system can find the MPP suitably.

Table 4. Investigating the technical parameters of the MPP tracker converter in different
irradiations (constant output resistance).

. . Input voltage Inductor current Output voltage
Irradiation Resistance of solar . K i . i .
ripple in the MPP ripple in the MPP ripple in the MPP
(W/m2) cell
(%) (%) (%)
200 32.38 0.2 10.0 0.2
400 16.61 0.63 14.88 0.63
600 11.18 0.79 13.93 0.79
800 8.40 0.93 11.95 0.93
1000 6.75 0.99 10.30 0.99
2004 . :
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Figure 11. The permissible range of output resistance of the MPP tracker converter in
different irradiations.
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Figure 12. The duty cycle behavior in the upper and lower ranges of the output resistance for
irradiations of (a) 200 W/m2 and (b) 1000 W/mz.
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According to Figure 11, it can be concluded that firstly as the irradiation decreases, the
minimum and maximum allowed value of the output resistance must increase and it will
not be possible to reach the MPP in smaller resistances. The justification for this behavior
is given in Equation (8). As it is clear in this equation, when the irradiation is low, the duty
cycle needs to be higher to maintain the stability of the system, so the value of the output
resistance will be larger. Secondly, the higher the radiation, the smaller the distance
between the minimum and maximum allowed output resistance. In other words, the range
of permissible variations of the output resistance will be lower. It is also possible to justify
this according to Equations (10) to (13). It is clear in these relationships that with the
increase in irradiation, the range of duty cycle variations decreases, so the range of output
resistance variations becomes narrower. Another essential issue in Scenario 2 is
specifying the range of duty cycle variations in each of the irradiations and output
resistance limits determined in Figure 12, whose result is displayed in Figure 13.

The cycle should also be less than the allowed value, which will not be acceptable. Also,
the higher the irradiation, the higher the duty cycle in a shorter period of time. Calculating
the ripples of inductor current and input and output capacitor voltages is another
important parameter in understanding the behavior of the power tracker converter,
whose results are shown in Table 5. Analyzing the output voltage of the system in different
irradiations and the resistance of different outputs is illustrated in Figure 13. According
to Figure 11, larger resistances will bring the duty cycle closer to the maximum, and
smaller resistances will bring the duty cycle closer to its lower limit.

Table 5. Variations in the ripple of the input voltage, output voltage, and inductor current for
different resistances and irradiations.

Irradiation Output Input voltage ripple in | Inductor currentripple | Output voltage ripple in
(W/m2) resistance the MPP (%) in the MPP (%) the MPP (%)

37.300 0.182 0.529 0.113

49.734 0.401 4.381 0.180

73.890 0.558 8.269 0.215

88.810 0.668 9.897 0.214

200 105.151 0.829 11.232 0.191
131.439 0.872 12.897 0.176

150.266 0.921 13.811 0.165

165.543 0.963 14.434 0.158

8.171 0.215 0.470 0.681

14.920 0.3765 2.001 1.001

1000 25.222 0.533 2.325 0.810
38.011 0.803 3.547 0.672
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Figure 13. The behavior of the output voltage in different irradiations and output resistances.

4. Conclusions

It can be concluded that the proposed power tracker converter could find the MPP
within the designed range of the output resistance so that the duty cycle did not violate
its predetermined range. Also, the MPP was found to be highly dependent on the solar
irradiance, and since the step related to tracking the power in this method was assumed
to be constant, the system tracks the MPP very quickly around irradiation amounts of 400
to 600 W/m2. However, the time to reach the MPP will be longer as the irradiation value
deviates further from this range. Moreover, the higher the output resistance, the greater
the tendency of the tracking system to move towards larger duty cycles to track the MPP.
As the resistance decreases from the optimal value, the duty cycle will move towards its
minimum value. The designs showed that the proposed method would lead to maintaining
the ripples in the input capacitor voltage, output capacitor voltage, and inductor current
within their allowed range. The results demonstrated that the variable resistance method
worked in a wider working range than the constant resistance method. Therefore, it
would have a more comprehensive performance. Nevertheless, the computational burden
of the constant resistance method was less. This method can be used as a simple method
for PV energy management. The simulation effects demonstrated the efficacy of the
proposed technique in attaining the objectives. The counseled technique can correctly
song the MPP inside a vast spectrum of solar radiation while ensuring that the duty cycle
remains inside its permissible variety.
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