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An interval type-2 fuzzy logic controller-based maximum power point tracking
algorithm and direct current–direct current (DC–DC) converter topology are
proposed for photovoltaic (PV) systems. The proposed maximum power point
tracking algorithm is designed based on an interval type-2 fuzzy logic con-
troller that has an ability to handle uncertainties. The change in PV power
and the change in PV voltage are determined as inputs of the proposed con-
troller, while the change in duty cycle is determined as the output of the
controller. Seven interval type-2 fuzzy sets are determined and used as
membership functions for input and output variables. The quadratic boost
converter provides high voltage step-up ability without any reduction in per-
formance and stability of the system. The performance of the proposed system
is validated through MATLAB/Simulink simulations. It is seen that the pro-
posed system provides high maximum power point tracking speed and accu-
racy even for fast changing atmospheric conditions and high voltage step-up
requirements.
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INTRODUCTION

With growing world energy demand, increasing
awareness of environmental issues, energy security
and reliability, research on renewable energy
sources has been increasing. As a result of these
studies, solar energy and wind energy seem more
attractive than others. Photovoltaic (PV) systems
which convert photo-energy into electrical energy
directly by using PV cells and modules have
received great attention. PV systems are modular
in nature and generate direct current (DC) electri-
cal energy without any fuel cost. In addition, since
they do not have any dynamic parts, their mainte-
nance cost is very low and they have la ong life.
Therefore, PV systems have widespread use in
different applications and at different power levels,

such as large-scale power plants, home applications,
water pumping, street lightning, telecommunica-
tion transmitters, vehicle applications, space appli-
cations, etc.1,2 A PV module cannot be modeled as a
constant DC current source because its output
changes with parameters such as load current,
temperature, irradiation level, etc. It has a cur-
rent–voltage (I–V) characteristic under constant
and uniform solar irradiance and temperature.
The PV module generates maximum power and
operates with maximum energy conversion effi-
ciency at a unique point on this I–V curve for
constant temperature and solar irradiation level.
This point is called the maximum power point
(MPP), and continuously tracking this MPP of a
PV array is required to obtain maximum efficiency.1

Many maximum power point tracking (MPPT)
algorithms have been proposed for PV systems.
These algorithms can be grouped into two cate-
gories, as direct and indirect methods. Indirect(Received November 27, 2017; accepted April 18, 2018;
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methods use some offline measurements, predefined
equations and models to determine the MPP, and
are therefore also called offline methods. Constant
voltage, constant current, and pilot cell are common
indirect methods. Some issues such as aging and the
dirtiness of the module surface affect the perfor-
mance of the system. Although these methods have
fast responses, they are not guaranteed to track the
real MPP. Therefore, direct methods have been
proposed. These methods use online measurements
to track the MPP of a PV system. Perturb and
observe (P&O) is a well-known and simple MPPT
algorithm. It is also combined with soft switching
applications to achieve higher efficiency values.3

This algorithm generates a perturbation and then
monitors the PV power. According to the variation
of the PV power, the next control signal is deter-
mined. This method is simple; but there is a natural
oscillation around the MPP. In addition, its
response is related to the perturbation step size.
While the small values of the perturbation step size
worsen the response time and decrease the oscilla-
tion around the MPP, larger values improve the
response time but cause large oscillations around
the MPP.4–6 The increment conductance (IC) algo-
rithm is another common direct MPPT method. This
method monitors the slope of the PV power versus
PV voltage (P–V) curve. The slope of this curve is
zero at the MPP, and has positive and negative
values at the right and left sides of the MPP,
respectively. The oscillations around the MPP are
reduced in this method but tracking speed is still
related to the step size. Therefore, some modifica-
tions have been proposed for both the P&O and the
IC algorithms to provide a variable step size.6,7

Artificial neural networks (ANN) are also used as
MPPT algorithms. ANNs have a unique advantage
in that they can be educated with real values.
However, these can also be considered for MPPT
applications, which make algorithms effective for
only certain module types used in education. In
addition, aging and other parameter decays in time
reduce the performance of the algorithm.7,8

Although monitoring cells can be used to modify
ANN-based MPPT algorithms and to remove these
effects, this increases the cost and reduces the total
system efficiency.9

The fuzzy logic controller (FLC), which does not
require an exact model of the system and has a
robust performance, is also used as a MPPT algo-
rithm. Different input and output variables, differ-
ent membership functions and different inference
methods have been used for FLC-based MPPT
algorithms. These algorithms provide considerably
higher performance and tracking speed. However,
the performance of the algorithm is greatly affected
by the experience and knowledge of the designer. If
the designer determines the optimum membership
functions and rules, the FLC-based MPPT algo-
rithm has a very good performance, otherwise its
performance may be moderate. Designers usually

determine these parameters bywith trial and error,
using their experience. This defines some uncer-
tainties in the rules and membership functions of
the FLC, which may deteriorate the performance.7

Conventional FLC and fuzzy sets, now called
type-1 fuzzy sets (T-1FSs), have been extended by
Zadeh, and new concept called type-2 fuzzy sets (T-
2FSs) have been introduced.10 In these new sets, a
third dimension is added to handle the aforemen-
tioned uncertainties. Therefore, many research
studies have been proposed based on T-2FSs, such
as control of power electronics converters, motor
drives, robotic systems, motion control systems,
etc.11–16 Since the T2-FSs are useful for handling
uncertainties such as noisy data and changing
environmental conditions, they have also been
applied to PV systems,17,18 and type-2 fuzzy logic-
based MPPT algorithms have been proposed, but
these applications are mainly based on conventional
buck or boost converters.19

The DC voltage generated by the PV module
varies with environmental conditions and load. This
varying voltage should be regulated to supply loads.
In addition, load power should be regulated to track
the MPP from PV module. Therefore, DC–DC
converters such as buck, boost and buck–boost
converters according to input–output voltage rela-
tionships can be used in PV systems. Since the
voltage levels of the PV modules are low, boost
converters are commonly used to step up the PV
voltage. Although the voltage gain of the boost
converter increases with duty cycle, higher duty
cycle values decrease the stability and increase the
control difficulty. Therefore, the practical voltage
gain of the boost converter is limited and recom-
mended to be selected as a maximum of four.20,21 A
number of PV modules should be connected in series
to fulfill the voltage requirement, whereas the
number of series-connected PV modules must in
practice be within certain limits due to limitations
on PV voltage isolation, efficiency, shadowing effect,
etc. Consequently, some new DC–DC converter
topologies have been proposed to provide higher
voltage conversion gains. Although the isolated DC–
DC converter topologies remove this limitation, they
cause some problems, such as cost, complexity,
etc.22

Different converter topologies have been proposed
to obtain high voltage conversion gain with high
efficiency. Initial studies have been based on exten-
sions of the conventional boost converter to increase
its voltage conversion gain. The conventional boost
converter combined with a switched capacitor has
been proposed. Here, voltage conversion gain is
related to the number of capacitors used in the
circuit. Since the voltage regulation action signifi-
cantly decreases the efficiency of the converter, an
additional converter is required to combine the high
voltage conversion gain and voltage regulation
features with high efficiency.23 In addition, the
power switches suffer from high charge currents.
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DC–DC multilevel boost converter topology is pro-
posed to remove this additional converter require-
ment. This topology also combines the boost
converter and the switched capacitor. Several capac-
itors are charged with the same voltage through the
conventional boost converter.24 This removes the
voltage regulation problem. However, the total load
current flows through the output capacitors and this
limits the usage of this topology.20

Using coupled inductors with conventional boost
converters is another technique used to achieve
high voltage conversion gain.25 However, the leak-
age inductor energy of the coupled inductors causes
voltage spikes which increase switching losses and
decreases the efficiency.26 Although active and
passive clamp circuits are designed to recycle the
leakage inductor energy, these additional clamp
circuits increase the cost and complexity of the
system.20 High voltage conversion gain can be
obtained by cascaded connection of two boost con-
verters. However, this topology doubles the num-
bers of required components and controllers. The
quadratic boost converter (QBC) shown in Fig. 1 is
similar to two cascaded boost converters and pro-
vides the same voltage conversion ratio with only
one active switch and one controller. The output
voltage is given as a quadratic function of the duty
cycle of the switching signal.27 Since the QBC has
only one active switch, additional active switch and
driver circuit requirements are removed and a more
reliable and efficient converter is obtained. There-
fore, the QBC has become popular and is used in
different DC–DC converter applications such as
power factor correction applications and PV appli-
cations.28–30 The output voltage of the fuel cell or PV
module is usually low, and this low voltage should
be increased to supply conventional AC loads or to
export generated energy to the grid. Therefore, a
compact, robust, reliable and high-efficiency con-
verter design with a high voltage conversion ratio is
an important requirement for PV- and fuel cell-
supplied systems. Although some studies have been
presented on the control of the QBC, the number of
studies on MPPT quadratic boost converters is
limited.28,31,32

In this study, a QBC with MPPT capability is
proposed for PV systems. An interval type-2 fuzzy
logic controller (IT-2FLC) is used as the MPPT
algorithm. Thus, the high voltage step-up functions
of the QBC and the high tracking speed and MPPT
accuracy properties of the IT-2FLC are combined.
The performance of the proposed system has been
verified by MATLAB/Simulink simulations. The
proposed IT-2FLC-based MPPT algorithm determi-
nes the system operation point, which varies with
load, solar irradiation and temperature variations,
and tracks the MPP of the PV system with high
speed and accuracy. The simulation results show
that the proposed IT-2FLC based MPPT method
exactly tracks the MPP of the PV system and has a
fast transient response. It is seen that the proposed
MPPT method is especially suitable for rapidly
changing atmospheric conditions.

PV EQUIVALENT CIRCUIT

The PV cell is the main part of the PV system. PV
modules are generated by parallel or/and serial
connections of PV cells. PV cells consist of a
semiconductor material which is formed in a p–n
junction similar to a diode. The equivalent circuit of
the ideal PV cell is given in Fig. 2.33 The solar light
load excites the free electrons when it contacts the
cell surface. If the output of the PV cell is loaded or
short-circuited, a photo-current is generated by
these free electrons. PV cell manufacturers deter-
mine certain parameters and nonlinear I–V charac-
teristics as a result of test reports. The
mathematical model of a PV cell can be derived by
using these parameters. The PV cell output current
can be written as:

I ¼ Ipv cell � I0 cell exp
q:V

a:k:T

� �
� 1

� �
; ð1Þ

I ¼ Ipv cell � Id; ð2Þ

where Ipv_cell is the generated photocurrent, Id the
diode current, I0_cell the diode reverse saturation
current (A), q the electron charge, k the Boltzman’s
constant, T is the cell (p–n junction) temperature

Fig. 1. The PV-supplied quadratic boost converter.
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(K), and a an ideal p–n junction characteristics
factor.34

Equation 1 is valid for an ideal PV cell, but it may
cause errors for real applications. All time variant
parameters of a PV system should be added to the
model to prevent wrong calculations. Also, a num-
ber of PV cells are connected in series or parallel to
increase the output voltage, current and power
level, and thus the PV module is obtained. So, the
output current of a PV module can be written as35:

I ¼ Ipv � I0 exp
V þ IRs

aVt

� �
� 1

� �
� V þ IRs

Rp

� �
; ð3Þ

Vt ¼
kNST

q
ð4Þ

Ipv ¼ Ipv cell �Np ð5Þ

I0 ¼ I0 cell �Np ð6Þ

where I and V are the PV module output current
and voltage, respectively, Ipv is the generated
photocurrent (A), I0 the diode reverse saturation
current (A), Vt the cell thermal voltage (V), Rs the
serial resistance value of the PV cel, Rp the parallel
resistance value of the PV cell, and Np and Ns are
the number of parallel-connected and serial-con-
nected PV cells, respectively. Ipv and I0 can be
calculated with parameters given in the manufac-
turer’s datasheet for standard test conditions (25�C
temperature and 1000 W/m2 solar irradiation
level). The PV module current for real-time opera-
tion conditions can be found with34:

I ¼ Ipv n þ KI:DT
� � G

Gn
; ð7Þ

where DT is the temperature difference between the
test condition and the operation condition (DT = T
Tn), KI the short circuit current/temperature coeffi-

cient, G the irradiation level for operation condition,
and Gn the irradiation level for the standard test
condition. The diode saturation current value for
real-time operation condition can be calculated with:

I0 ¼ I0;n
Tn

T

� �2

exp
q � Eg

a � k � 1

Tn
� 1

T

� �� �
ð8Þ

I0 n ¼ Isc n

exp Voc n

a�Vt n

� 	
� 1

; ð9Þ

where, Isc_n is short circuit current; Voc_n is open
circuit voltage and Vt_n is thermal voltage of Ns

series connected PV cells at nominal test
temperature.

THE QUADRATIC BOOST CONVERTER

In the literature, different quadratic converter
topologies, which can be designed as buck convert-
ers or boost converters, have been proposed.21,22,36

The efficiency of the QBC is still lower than the
conventional boost converter.36 Nevertheless, it is
well known that higher duty ratios which are
required to obtain higher voltage gains dramatically
decrease the conventional converter efficiency and
increase electromagnetic interference and the volt-
age stress on the switches.26–28 Therefore, the QBC
has a better performance for high-voltage step-up
applications such as PV and fuel cell applications.

Analysis of the QBC shown in Fig. 1 can be easily
performed. If the controlled switch S1 is turned on
(ON state), then the D1 and D3 diodes pass to the
OFF state, and the supply current flows through L1

and D2. In this condition, the inductor, L1, stores
energy from the supply and the inductor, L2, stores
energy from the capacitor, C1. Simultaneously, load
is supplied by the output capacitor, C2. Then, the
switch, S1, turns off (OFF state). In this condition,
the diode states are completely contrary: D1 and D3

are in the ON state, and D2 is in the OFF state. At
the same time, the C1 and C2 capacitors are charged
by the L1 and L2 inductors. In addition, the induc-
tors supply the load energy demand. The equation of
the converter voltage conversion ratio can be
obtained from differential equations according to
the control signal (u).29 Equations 10–13 can be
written for capacitor voltages and inductor currents:

diL1

dt
¼ vpv

L1
� vC1

L1
ð1 � uÞ ð10Þ

diL2

dt
¼ vC1

L2
� vC2

L2
ð1 � uÞ ð11Þ

dvC1

dt
¼ � iL2

C1
þ iL1

C1
ð1 � uÞ ð12Þ

dvC2

dt
¼ � vC2

RC2
þ iL2

C2
ð1 � uÞ ð13Þ

where u is the control signal, which is 1, when S1 is
turned on (ON state), and 0 when S1 is turned off
(OFF state). Here, R is the load resistance. State
equations of the QBC for X1 ¼ iL1

, X2 ¼ iL2
, X3 ¼ vC1

and X4 ¼ vC2
can be written in state-space form as

follows:

Fig. 2. Equivalent model of a PV cell.
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_x ¼ Axþ Bu
y ¼ Cx

ð14Þ

_X1
_X2
_X3
_X4

2
664

3
775 ¼

0 0 � 1�uð Þ
L1

0

0 0 1
L2

� 1�uð Þ
L2

1�uð Þ
C1

� 1
C1

0 0

0 1�uð Þ
C2

0 � 1
RC2

2
66664

3
77775

X1

X2

X3

X4

2
664

3
775þ

1
L
0
0
0

2
664

3
775Vpv

ð15Þ

y ¼ 0 0 0 1½ �

X1

X2

X3

X4

2
664

3
775 ð16Þ

In steady state conditions, all the derivative terms
are equal to zero. Equation 17 is obtained by
substituting the control signal D instead of u in
Eqs. 10–13:

vC1

vpv
¼ vC2

vC1

¼ 1

1 �D
ð17Þ

Finally, the conversion ratio of the converter (M(D))
can be obtained from:

M Dð Þ ¼ vC1

vpv

� �
vC2

vC1

� �
¼ 1

1 �Dð Þ2
ð18Þ

It can be seen from Eq. 18 that the conversion ratio
of the QBC is an exponential expression which
provides a high conversation ratio even with a lower
duty cycle.

TYPE-2 FUZZY LOGIC CONTROLLERS

The FLC, which is one of the most common
applications of fuzzy sets and systems, has some
advantages such as being nonlinear and adaptive in
nature, combining information of experts with
measurements and system models, providing robust
performance under parameter variation and load
disturbances, removing the requirement of accurate
mathematical models of the plant. etc. Latest
improvements in microprocessors and field-pro-
grammable gate arrays make them more popular.37

However, the FLC must overcome uncertainties
because of the many different sources: noisy sensor
measurements, variation of sensor measurements
with environmental conditions such as tempera-
ture, humidity, etc., and different opinions of
experts on the same topic, while variable meanings
of words used by different people are the most
common uncertainties. Also, aging of the PV mod-
ules may be a reason of some uncertainties. Since
membership functions of the T-1FSs are crisp, these
uncertainties turn into uncertainties about the
membership of T-1FSs.

The T-2FSs are an extension of T-1FSs. While the
membership grade of T-1FSs are crisp numbers in
[0,1], the T-2FSs are characterized by a fuzzy

membership function and these membership func-
tions have fuzzy grades of membership, i.e., a fuzzy
set in [0,1]. The membership functions of T-2FSs are
depicted in Fig. 3. In Fig. 3a and b, triangular type-
2 fuzzy sets with blurring of the width and blurring
of the center of triangular T-1FSs are shown,
respectively. The membership function can be writ-
ten as:

~lðxÞ ¼ 1 � x�cj j
d if c� d< x< cþ d

0 else



ð19Þ

where x is the input vector, and c and d are the
center point and the width of the membership
function, respectively.35

As seen from the figure, the membership func-
tions of T-2FSs are three-dimensional, unlike T-
1FSs which are characterized by two-dimensional
membership functions. The footprint of uncertainty
is the new third dimension of T-2FSs. This new
third dimension allows directly modeling and han-
dling of uncertainties.11–15,33,38 In addition, using
three-dimensional fuzzy sets facilitates the design
process when determining the exact membership
functions is difficult, and has the ability for model-
ing more sophisticated input–output relationships.

The type-2 FLCs have robust structures and a
higher disturbance rejection capability against the
external disturbances and noise. Based on Zadeh’s
idea, different T-2FSs have been presented. How-
ever, the T-2FSs cause a significant increase of the
computational burden. As a result of research
activities to reduce this computational burden,

Fig. 3. Type-2 fuzzy sets (a) with blurring width of triangular type-1
fuzzy set, (b) with blurring the center of triangular type-1 fuzzy set.
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interval type-2 fuzzy sets, which are a simple
version of type-2 fuzzy sets, are proposed. The
secondary membership function of the interval type-
2 fuzzy sets is not fuzzy, and therefore the execution
time of these sets is shorter. The general block
diagram of the interval type-2 FLC is given in
Fig. 4. As it can be seen from this block diagram, an
interval type-2 fuzzy system is similar to the type-1
fuzzy system except for the output-processing block,
which is composed of a type reducer and a defuzzi-
fier following it. Since membership functions are T-
2FSs, the output of the inference engine is also type-
2. Therefore, before the defuzzifier unit, a type
reducer is used to convert output signals from T-
2FSs to T-1FSs. Then, the defuzzifier converts T-
1FSs to crisp output values.11–15,33,38

The principle of type-2 FLCs is very much like the
type-1 FLCs. The fuzzifier maps crisp inputs to T-
2FS. The general structure for both type-1 fuzzy

logic systems and type-2 fuzzy logic systems is the
same. The only difference is that the antecedents
and the consequents of type-2 fuzzy logic systems
are represented as T-2FSs. The inference engine
combines the rules and produces output T-2FSs
from input T-2FSs. The type reducer generally
reduces the T-2FSs into T-1FSs which is then
converted to a crisp output through the defuzzifier.
Finally, a crisp output is obtained.36

PROPOSED IT-2FLC BASED MPPT
ALGORITHM

In this study, a MPPT system including MPPT
algorithm and power electronics converter has been
designed. The QBC that has same voltage step-up
ability with a cascaded boost converter is used as
the power converter. Thus, high voltage conversion
gain is obtained with only one active switch. The IT-

Fig. 4. General block diagram of T-2FS.

Fig. 5. Block diagram of the proposed PV system.
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2FLC based MPPT algorithm is also designed to
track the MPP of the PV system which is affected by
operation conditions, irradiation level and temper-
ature. The block diagram of the proposed system is
depicted in Fig. 5.

The IT-2FLCs have two inputs and one output.
The change in PV module power (dP/dt) and the
change in PV voltage (dvpv/dt) are used as input
variables and the change in duty cycle (cD) is used
as the output variable. Seven membership functions
for both input and output variables have been
designed, as shown in Fig. 6. The membership
functions are labeled with linguistic variables, i.e.,
negative large (NL), negative medium (NM), nega-
tive small (NS), zero (Z), positive small (PS), positive
medium (PM) and positive large (PL). The rules of
the proposed IT-2FLC-based MPPT algorithm are

Fig. 6. (a) Membership functions for input variables dP/dt and dvpv/
dt. (b) Memebership functions for output variable cD.
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Fig. 7. Characteristics of the PV array for different (a) irradiation
levels and (b) temperatures.

Table I. The rule base of the proposed IT-2FLC

dvpv/dt
NL NM NS Z PS PM PLdP/dt

NL NL NL NM Z PM PL PL
NM NL NM NM Z PM PM PL
NS NM NM NS Z PS PM PM
Z Z Z Z Z Z Z Z
PS PM PS PS Z NS NS NM
PM PL PM PM Z NS NM NL
PL PL PL PM Z NM NM NL

NL negative large, NM negative medium, NS negative small, Z zero, PS positive small, PM positive medium, PL positive large.
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also given in Table I. The PV array voltage and the
current are measured continuously and the PV
module power is calculated by using these measure-
ments. Thus, both two inputs of the FLC are
obtained. These inputs are fuzzified with input
membership functions, and then the fuzzy inference
engine generates the controller signal according to
the input values, membership functions and rule
base to track the MPP of the PV system.

After the type reducing and defuzzifying pro-
cesses, crisp values of the FLC are obtained. In the
literature, some methods such as centroid, center of
sets, height and modified height have been proposed
to use in the type reduction process.39–41 In this
study, the center of sets type-reduction method is
applied. This method can be expressed as:

UcosðeÞ ¼ ul;ui½ � ¼
Z
u12 u1

l
;u1

r½ �
� �
Z
uM2 uM

l
;uM

r½ �

Z
fM2 f 1;f

1
� �

� �
Z
fM2 f 1;f

1
� � 1

,PM
i¼1

f iui

PM
i¼1

f i

ð20Þ
where ul is the left-most points, ur the right-most
points, Ucos (e) an interval output set determined by
ul and ur, and i = 1…M represents the number of
rules. An iterative procedure to calculate ul and ur

has been proposed by Karnik–Mendel.39–41 Ucos (e)
is generated by the type-reduction process, and the
crisp output of the output variable is obtained by the
averaging of ul and ur because these are interval
variable sets39–41:

ufuzzyðeÞ ¼
ul þ ur

2
ð21Þ

The duty cycle value of the QBC is obtained by
integrating the output of the FLC, and is used to
generate PWM signals.

In this study, a proposed IT-2 FLC-based MPPT
algorithm and the QBC are supplied by the PV
array which are composed of three strings, and each
string is obtained via series connection of two
SHARP NU-Q250W2 PV modules. Some of impor-
tant parameters of this PV module are given as: the
module power is 250 W, the open circuit voltage of
the module is 37.6 V, the short circuit current is
8.9 A, and the voltage and current values at the
MPP are 30.3 V and 8.6 A, respectively. The P–V
and I-V curves of the modeled PV array are given in

Fig. 8. Variation of output power and solar irradiation level.
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Fig. 7 for different irradiation and temperature
levels. The switching frequency of the converter is
determined as 10 kHz.

SIMULATION RESULTS

The proposed IT-2FLC-based MPPT controller
and the QBC have been modeled and then

Fig. 11. Comparison of the proposed MPPT algorithm and the conventional P&O method.
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Fig. 10. The performance of the proposed MPPT algorithm and the quadratic boost converter for given MPPT patterns.
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simulated with MATLAB/Simulink. The perfor-
mance of both the proposed IT-2FLC-based MPPT
algorithm and the QBC have been tested with
performed simulations for a 1.5-kW PV system also
modeled in MATLAB/Simulink. The PV system
consists of three strings composed of two serial-
connected SHARP NU-Q250W2 PV modules.

The solar irradiation level is increased from
250 W/m2 to 1000 W/m2 step by step, and then
decreased to 250 W/m2 to test the performance of
the proposed MPPT algorithm. The solar irradiation
level and PV array power are depicted in Fig. 8. The
proposed algorithm determines the duty cycle of the
QBC according to the input variables, changes in
PV array power and changes in PV voltage, and the
output variable and rules of the proposed controller,
and tracks the MPP of the PV system for varying
solar irradiation conditions. The P–V graph for this
operation is shown in Fig. 9. One can replace many
P–V curves in this figure, which represents each
solar irradiation level. It can be seen from these two
figures that the proposed controller achieves good
MPPT accuracy and tracking speed.

The variation of solar irradiation given in Fig. 8
can be referred to as a daily variation. Another solar
irradiation pattern was generated to test the
dynamic performance of the proposed MPPT algo-
rithm and quadratic boost converter. This solar
irradiation pattern, the PV array output voltage,
the PV array current, the load voltage, the load
current and the PV array power are shown in
Fig. 10. As can be seen, the solar irradiation level is
kept at 1000 W/m2 until t = 0.15 s and then linear-
lydecreased to 500 W/m2. At this point, a step is
applied and the solar irradiation level is increased
from 500 W/m2 to 1000 W/m2. The solar irradiation
is again kept at 1000 W/m2 until t = 0.45 s. Then,
first, it is decreased to 500 W/m2 and, second,
increased to 1000 W/m2 with the same and constant
slope. It reaches 1000 W/m2 at t = 0.75 s and tis hen
kept constant. It can be easily seen that the output
power of the PV array has completely the same
pattern with this irradiation level. The proposed IT-
2FLC-based MPPT algorithm tracks the MPP of the
system even for step change conditions. It validates
that the proposed algorithm has a fast transient
response and high accuracy, and is suitable for
rapidly changing atmospheric conditions. It is also
seen from the PV system and output voltage and
current waveforms that the proposed quadratic
boost converter provides high voltage step-up ability
without any disturbances.

The proposed MPPT algorithm is also compared
with the conventional P&O method to highlight its
performance. The conventional P&O method is also
applied to the proposed QBC converter. Obtained
results from both MPPT algorithms are depicted in
Fig. 11 comparatively. It is seen that power oscilla-
tions of the P&O method are significantly removed
and faster MPPT algorithm is obtained by the
proposed IT-2FLC based MPPT algorithm.

CONCLUSIONS

In this study, a MPPT system for PV systems is
proposed. The proposed system consists of an IT-
2FLC-based MPPT algorithm and a QBC. Thus, the
uncertainty-handling capability of the type-2 fuzzy
systems and high voltage step-up capability of the
quadratic boost converters are combined. The FLC
system has two inputs, the change in PV power and
the change in PV voltage, and an output variable,
the change in duty cycle. The designed system is
validated through MATLAB/Simulink simulations
for both fast and slow irradiance variations. The
results show that the proposed system has a fast
response and provides high MPPT speed and accu-
racy even for fast irradiance changes. In addition,
the proposed MPPT algorithm and the conventional
P&O method are compared. It is seen that the
proposed algorithm removes the oscillations signif-
icantly and provides a better dynamic response. It is
also seen that the QBC, which has a quadratic
output voltage equation, provides a high voltage
step-up ability and removes high duty cycle require-
ments, and thus the robustness and stability of the
system is improved. Since the proposed system
requires only one active switch, a more effective and
compact design is obtained.
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