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ABSTRACT

In this study, a fuzzy logic based maximum power point tracking control algorithm was developed to obtain
maximum power continuously from a simulation model of a PV system. Using this simulation model, codes
suitable for the TMS320F28335 Digital Signal Processor (DSP) were generated by the embedded code generation
method. In this way, the developed algorithm was generated, compiled, sent, and made ready for use in applications
with an optimum code structure. The algorithm developed has the task of providing the power demanded by the
load unit in a stable and continuous manner; It fulfills this task by providing maximum efficiency from PV panels
by Tracking the Maximum Power Point and increasing the power obtained. In addition, the current and voltage of
the DC bus as well as the PV panel unit are continuously monitored and used as input data for the algorithm's
fuzzy logic controller.

Keywords- Fuzzy Logic Controller, Maximum Power Point Tracking, Photovoltaic Systems, Embedded Code
Generation

0z

Bu ¢alismada, olusturulan benzetim modeli kullamlarak, bir PV sisteminden maksimum gii¢ elde etmek igin
bulanik mantik tabanli bir maksimum gii¢ noktasi takibi denetleme algoritmasi gelistirilmistir. Bu benzetim modeli
kullanilarak, gomiilii kod iiretimiy ontemi ile TMS320F28335 Dijital Sinyal Islemcisi igin uygun kodlar
olugturulmustur. Boylelikle gelistirilen algoritma kodlar1 derlenmis, islemciye gonderilmis ve optimum kod yapisi
ile uygulamalarda kullanima hazir hale getirilmistir. Gelistirilen algoritma, yiik biriminin talep ettigi giicti kararlt
ve siirekli bir sekilde saglama gorevini; Maksimum Gli¢ Noktas: Takibi yaparak PV panellerinden azami verim
saglanmast ile yerine getirmektedir. Ayrica, DC bara ve PV panel iinitesinin akim ve gerilim verileri siirekli olarak
izlenmekte ve algoritmanin bulanik mantik denetleyicisinin girigleri olarak degerlendirilmektedir.
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I. INTRODUCTION

In these days at the beginning of the 21st century, energy demand is increasing day by day. However, in
order to meet this energy need, it is thought that choosing renewable energy sources (RES) instead of fossil-based
fuels, which have very harmful effects on the environment such as greenhouse gas emissions and pollution, will
minimize these effects. The use of RES is no longer a matter of preference for societies that think of the future and
becomes a necessity. According to OECD data, the contribution rate of RESs to the total primary energy supply
(TPES) is increasing both in our country and all over the world [1].

Solar energy is one of the most important and sustainable RES. Photovoltaic (PV) panels are widely used
in recent years to take advantage of the infinite energy of the Sun. This energy, which reaches the Earth from the
Sun by traveling a long way, varies depending on atmospheric events [2].There are many applications in the
literature where the energy obtained from PV panels is used directly [3-6].However, this way of use reduces
efficiency considerably. In addition, in applications where PV panels are not used efficiently, it may be necessary
to use more panels to generate the demanded energy. This means both an increase in costs and the carbon footprint
against the intended use of RES.

For such reasons, it is very important to continuously monitor the energy obtained from PV panels and to
try to obtain maximum efficiency. In line with this purpose, applications that perform maximum power point
tracking (MPPT) increase efficiency by providing maximum power from PV panels continuously [7,8]. When
these applications are examined, it is seen that Pl or PID controllers are used for reasons, such as being easier to
understand and applicable [9-11]. However, when the relevant literature is examined, it is seen that the parameters
of these controllers, which have a simple structure, are determined by trial and error. This method used in parameter
determination also prolongs and complicates the system design process. In addition, the system parameters need
to be rearranged in case of any change that may occur in the system to be controlled (changing the system scale,
adding a different energy element, etc.). On the other hand, when it comes to complex structured nonlinear systems,
these controllers are insufficient.

In PV panel applications, system parameters are constantly changing due to its nature. Using adaptive
controllers like Fuzzy Logic Controller that can quickly respond to variable system parameters may be appropriate
to overcome such constraints. Considering all these cases, fuzzy logic controllers are preferred in applications
where MPPT is desired, despite the need to develop more complex algorithms and apply more effective coding
techniques due to their relatively more complex mathematical calculations [12-17].

Il. SYSTEM STRUCTURE
A. PV System

As can be seen in Figure 1, the system consists of the PV panel unit used as energy source, the load unit,
the DC-DC boost converter unit that is responsible for increasing and transferring the power to be obtained from
the PV panels to the load, and the fuzzy logic-based MPPT algorithm unit that generates the switching signals
required for this converter.
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Figure 1. PV system general schematic

B. Simulation Model

The PV panel unit, which is the energy source of the system, has been simulated on the PSIM program
by using the catalog values given in Table 1. In the same direction, a simulation model was created in the PSIM
program for a typical DC-DC boost converter shown in Figure 2. The developed algorithm is written in the
Simplified C block in the PSIM program using the C programming language. The load unit is modeled with a
resistor. The system simulation model created is shown in Figure 3. In this simulation model, the PV panel unit,
load unit and DSP environment are represented by green, orange and yellow regions, respectively. All elements
are considered as ideal in the simulation system.

Table 1. Perlight PLM-100 PV panel catalog data

Maximum Power (Pmax) 100 W
Maximum Current (Imax) 5.85A
Maximum Voltage (Vmax) 171V
Short Circuit Current (Isc) 136 A
L, —
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Figure 2. DC-DC boost converter [18]

951



BSEU Fen Bilimleri Dergisi BSEU Journal of Science
8(2), 949-959, 2021 https://doi.org/10.35193/bseufbd.940581

D

BILECIK SEYH EDEBAL|
UNIVERSITESI

e-ISSN:2458-7575 (https://dergipark.org.tr/tr/pub/bseufbd)

<]  Vollage Offsel
rie| O—offsely
Offzet_w
psP cunent_omiet
clox | O

F28335 Offret i

PpvM ppt Load Unit

T

PV Panel Unit

{ide )

3@ fvdc )
b

=]

4

RL
15

I
forvt F—{>—
D
(o

N -

rrar

'd_error P
OVNC
S TE |
= @ 1-ph PW M
, e =s
= 43 B e
5o
e 22
[ 24 F28335
4 - a9 - dc
sla -5
(= ] E |-
S H Vd:
3
2= - L -
B o
[ o
5o Vpv

DSP Environment

Figure 3. Simulation model of the proposed system

The PV panel model block has two inputs that represent temperature and irradiance values. The
temperature input is set to be 25 °C, which is the ideal temperature at which catalog data were obtained. Irradiation
input values are entered according to the amount of radiation that differs during the day. Thus, it is possible to
monitor the response of the system to varying irradiance values. This block also outputs the maximum power that
can be obtained from the PV panel. This enables the results obtained from the developed fuzzy logic-based MPPT
algorithm to be compared with the values they should have, thus evaluating the performance of the developed
algorithm.

A resistor is used to represent the loads to be connected to the system. In addition, the current and voltage
values at the output of the PV panel and on the load, which are very important for the developed algorithm, were
determined using the relevant sensors. The DSP environment has also been simulated so that the microcontroller
embedded codes can be automatically generated. In order to process the measured analog values by DSP, an analog
to digital converter (ADC) block, to generate DC-DC boost converter switching signals according to the
determined duty ratio value a pulse width modulation (PWM) block, and to write the developed algorithm in C
language a Simplified C block were used.

C. Fuzzy Logic Controller Based MPPT Algorithm

The flow chart of the developed fuzzy logic controller-based MPPT algorithm is shown in Figure 4. Here,
first of all, the voltage and current values on the PV panel and the load are measured with sensors and converted
into digital data with the ADC block. One or more of the maximum powers, voltage or current values given in the
catalog values of the PV panels (voltage reference is preferred in this application) are determined as reference
values. PV panel power and power on the load are calculated. The error and the change of error, which are the

952



BSEU Fen Bilimleri Dergisi BSEU Journal of Science
8(2), 949-959, 2021 https://doi.org/10.35193/bseufbd.940581

D

BILECIK SEYH EDEBAL|
UNIVERSITESI

e-ISSN:2458-7575 (https://dergipark.org.tr/tr/pub/bseufbd)

input values of the designed two input and one output fuzzy logic controller, are determined. Here, the error is
determined as the difference between the PV panel voltage and the reference voltage, which is also the PV panel
catalog value, the maximum PV panel voltage at maximum power. The change of error was determined as the
difference between the current error value and the previous error value. Subsequently, these entries were fuzzified
using the Mamdani method by using membership functions in the fuzzify step [19]. Seven triangular type
membership functions determined for each entry were created as given in Figure 5, and these functions were
defined in a matrix in C language. Membership function was selected between -1 and 1 for error entry, while a
smaller range of -0.1 to 0.1 was selected for change of error. In the rule base step, it is calculated which rule in the
rule base corresponds to the fuzzy values obtained in the previous step. The rule base used is shown in Figure 6.
Thus, active rules and the activity levels of these rules were determined.

Vev, Voc, Iy, Ioc,

Pev = Vev*Ipv,
Poc = Voc*Ioc,
Error = Vey - Vret,
Change of Error = Error - Errorg.)

I

FUZZIFY
Error and Change of Error

l

RULE BASE

!

DEFUZZIFY

!

SEND THE OBTAINED DUTY
RATIO to PWM BLOCK

l

1) = Vev, Voc(e1) = Voc,
Ipvie-1y= lev, Inceea) = loc,
Pevie) = Pev, Poce) = Poc,
Error.1) = Error

L

Figure 4. Flowchart of the proposed fuzzy logic controller based MPPT algorithm
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Figure 5. Triangular membership functions determined for error and change of error
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Figure 6. Rule base table

In the defuzzification step, the defuzzification process was carried out by means of Equation 1 by using
the center of gravity method. As can be seen in Figure 7, seven triangular membership functions for output have
been selected so that their value range is 0.1 to 0.7. Since the duty ratio to be obtained at the output of this step
takes a value below 0.1 or above 0.7, it will affect the switching process negatively, so a range has been determined
so that these values will not be exceeded. The defuzzified value obtained is sent to the PWM block of the
microcontroller to generate the switching signals of the DC - DC boost converter. The error and the change of
error values, as well as the current, voltage and power values of the PV panel and the load, saved as previous
values for the next cycle. Then the algorithm returns to the beginning. Thus, the algorithm recalculates the duty
ratio according to the new voltage, current, and power values.

v _ PYTHOR!
Defuzzified Output = S0 (1)
1“ NB NM NS z PS PM PB
0.5
01 0.175 0.25 0325 0.4 0.475 055 0625 07

Duty Cycle (du)

Figure 7. Triangular membership functions determined for output duty cycle

I11. SIMULATION RESULTS

The amount of irradiation and consequently the maximum power that can be obtained from PV panels
varies during the day. While catalog data is determined by the manufacturer, the amount of irradiation is kept
constant (best condition) as 1000 W/m2. However, in the real world, the change in the irradiance is a parabola-like
curve whose values are zero at the time of sun rise and sun set, and maximum at the solar noon when the angle
between the panel axis and the sunlight rays is zero. In line with this information, in the simulation study, the
change of irradiation was determined to represent the change during the day by increasing from 0 W/m? to 1000
W/m? and decreasing to 0 W/m? again and this cycle was repeated twice within a 200ms simulation period. While
the maximum power that can be obtained from PV panels according to these irradiance values is shown with the
red curve in Figure 8, the power obtained from the PV panels by making MPPT with the developed algorithm is
shown with the blue curve and the change in the irradiation is shown in green curve.
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Accordingly, it has been observed that the power obtained from PV panels captures the maximum power
that can be obtained from PV panels at the end of approximately 3ms and follows it continuously during the
simulation period of 200ms. In other words, it was concluded that the developed algorithm ensures that the
maximum power is obtained from the PV panels continuously.
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Figure 8. Maximum power curves that can be obtained from PV panels in response to varying (parabola-like) amount of irradiation

In addition, although the change in irradiance will not be so sharp during the day, in order to better
demonstrate the performance of the proposed algorithm, step by step increased and decreased irradiation change
values were also applied, as preferred in many studies in the literature. In this direction, the irradiance increased
step by step from 0 W/m? to 400 W/m? and to 1000 W/m?and then decreased to 600 W/m? and 0 W/m? within a
250ms simulation period. While the maximum power that can be obtained from PV panels according to these
irradiance values is shown with the red curve in Figure 9, the power obtained from the PV panels by making MPPT
with the developed algorithm is shown with the blue curve and the change in the irradiation is shown in green
curve. Thus, the response of the system to different amounts of irradiation during the day, represented in a very
aggressive manner, could be monitored.
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Figure 9. Maximum power curves that can be obtained from PV panels in response to varying (step up - down) amount of irradiation

Accordingly, it has been observed that the power obtained from PV panels captures the maximum power
that can be obtained from PV panels at the end of approximately 3ms and follows it continuously during the
simulation period of 200ms. In other words, it was concluded that the developed algorithm ensures that the
maximum power is obtained from the PV panels continuously.

Figure 10 and 11 shows the current (red) and voltage (blue) curves of the PV panels during simulation
for parabola-like and step up — down varying irradiation respectively. Accordingly, it is seen that the PV panel
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voltage approaches the specified reference voltage and catches it after 3ms, whereas the PV panel current changes

in order to obtain maximum power.

125

01
Time (s)

Figure 10.Current (red) and voltage (blue) curves of the PV panels (parabola-like varying irradiation)

\

\
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Figure 11. Current (red) and voltage (blue) curves of the PV panels (step up - down varying irradiation)

In Figure 12 and 13, the duty ratio curve obtained as a result of the developed algorithm is shown in red,
whereas the active rules of the fuzzy logic controller are shown with blue curve for parabola-like and step up —
down varying irradiation respectively. Accordingly, it is seen that the required duty ratio values are obtained within
the specified limits (0.1 - 0.7) in the developed algorithm, and the active rule in the rule base changes as it should.
It is also seen that the active rule and duty ratio change more aggressively, especially for irradiation values between
600 W/m? and 900 W/m?,
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Figure 12. Duty ratio (red) and active rule (blue) curves (parabola-like varying irradiation)
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Figure 13. Duty ratio (red) and active rule (blue) curves (step up - down varying irradiation)

In Figure 14, comparison of simulation system results without MPPT (1), with MPPT (2) and irradiance
curves are shown.

Pz =

Figure 14. Power response without and with MPPT algorithm and irradiance curves (a) parabola-like varying irradiation (b )step up - down
varying irradiation
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IV. CONCLUSIONS

The performance of the proposed fuzzy logic controller-based MPPT algorithm is determined by
calculating its MPPT efficiency using equation 2. This calculation is obtained by the ratio of the power obtained
from the PV panels to the maximum power that can be obtained from the PV panels(instant values obtained from
the PSIM photovoltaic panel model block), which are given (the first 10 out of 16834 instances) in Table 2 and 3.
Accordingly, the MPPT efficiency of the proposed algorithm was calculated as 95.4% when the first moment
values are taken into consideration with the effect of other elements in the simulation model (Table 2), and 96.8%
when the first moment values are ignored (Table 3).Power losses such as switching mosfets of the DC-DC
converter are ignored in the simulation environment.

Y. power obtained from the PV instances ( )
Y. maximum power that can be obtained from the PV instances

MPPT Efficiency of Proposed Algorithm =

Table 2.The power obtained from the PV panels and the maximum power that can be obtained from the PV panels (instant values obtained
from the PSIM photovoltaic panel model)

With the first moment values are taken into consideration, 16834 instances for each one

The maximum power that can be obtained from the PV panels (instant
values obtained from the PSIM photovoltaic panel model)
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121
63.909063140872121

The power obtained from the PV panels

[eNeloleloNeloNoNo o)

Table 3. The power obtained from the PV panels and the maximum power that can be obtained from the PV panels (instant values obtained
from the PSIM photovoltaic panel model)

Without the first moment values are taken into consideration, 15534 instances for each one (first 1300 instances are not used)

The maximum power that can be obtained from the PV panels (instant

The power obtained from the PV panels values obtained from the PSIM photovoltaic panel model)

64.622346722114855 69.123681323069476
64.622346722114855 69.123681323069476
65.498284042390893 69.123681323069476
65.498284042390893 69.123681323069476
65.498284042390893 69.123681323069476
65.498284042390893 69.19166801434605
65.498284042390893 69.19166801434605
65.498284042390893 69.19166801434605
65.498284042390893 69.19166801434605
65.498284042390893 69.19166801434605

As a result, the usability of a fuzzy logic-based control algorithm instead of classical control algorithms,
which are inadequate due to changes in the amount of radiation and nonlinear system parameters in PV panel
applications, has been confirmed.
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