
Ain Shams Engineering Journal 14 (2023) 101950
Contents lists available at ScienceDirect

Ain Shams Engineering Journal

journal homepage: www.sciencedirect .com
Super twisting sliding mode-type 2 fuzzy MPPT control of solar PV
system with parameter optimization under variable irradiance
conditions
https://doi.org/10.1016/j.asej.2022.101950
2090-4479/� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Peer review under responsibility of Ain Shams University.
E-mail: korhankayisli@gmail.com

Production and hosting by Elsevier
Korhan Kayisli
Gazi University, Faculty of Engineering, Department of Electrical and Electronic Engineering, 06570 Ankara, Turkey
a r t i c l e i n f o a b s t r a c t
Article history:
Received 26 March 2022
Revised 15 July 2022
Accepted 22 August 2022
Available online 06 September 2022

Keywords:
MPPT
Super twisting sliding mode
Type 2 fuzzy control
Robust control
Boost converter
Parameter optimization
The need for renewable energy sources is increasing while the use of non-environmentally energy
sources is decreasing day by day. At this point, solar energy which is a great natural energy source comes
to the fore. In this study, MPPT control is performed based on sliding mode control as a robust control
method. A super-twisting sliding mode controller has been developed and type 2 fuzzy set has been
adapted to the system to reduce the chattering problem. The developed MPPT control algorithm is
applied to a solar PV system and tested under variable irradiance conditions. In addition, the parameters
of super twisting sliding mode and type 2 fuzzy set are optimized. The efficiency of the proposed MPPT
algorithm is presented with tables and graphics that contains sliding mode MPPT, super twisting sliding
mode MPPT and super twisting sliding mode-type 2 fuzzy MPPT methods. The results show the MPPT
efficiency of proposed system with a robust structure.
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1. Introduction

Semiconductor-based materials are widely used to generate
electrical energy from solar energy. However, the efficiency of
these materials is around 15–16 % for polycrystalline solar panels,
18–22 % for monocrystalline solar panels, and 20–22 % for P and N
polycrystalline silicon cells with current technology. The low effi-
ciency of solar panels, the constantly changes in temperature and
radiation level, push researchers to develop methods that will
ensure maximum use of the obtained power. At this point, maxi-
mum power point tracking (MPPT) techniques developed for the
maximum power point are gaining more importance. While many
studies have been carried out on this subject in recent years, the
prominent MPPT techniques are perturb & observe (P&O), incre-
mental conductance (IC), constant voltage (CV) and open-circuit
voltage (OCV). There are many researches about MPPT techniques
have been performed for the solar photovoltaic (PV) panel efficien-
cies. Especially P&O and IC algorithms are preferred for MPPT
applications. For energy maximizing of solar PV systems, tradi-
tional P&O method is used in some studies [1–2]. Also modified
and improved P&O MPPT algorithms are applied to PV systems
for drift avoidance [3], higher efficiency [4], more robust control
against rapidly varying weather conditions [5–10]. Another solu-
tion to enhance the efficiency performance, variable step size
P&O MPPT is chosen in some studies [11–14]. In the literature,
too many modified versions of P&O technique have been
researched and implemented to improve the performance of clas-
sical method, more fast dynamic response and more robustness.
Parameter uncertainties, variable weather conditions and load
changes force the control method and, sometimes it can eliminate
stability, durability and controllability. Sliding mode control (SMC)
is well known control algorithm that provide robustness to the sys-
tem and it can be a very useful method especially for non-linear
systems. While some researchers have tried adapting the SMC to
the P&O method through these control features [15], in another
study, SMC have been used to control the current of converter
[16]. Another preferred method to improve the performance of
the P&O method is to gain an adaptive feature to this method.
For this purpose, in one study, the grey-wolf method [17] is used,
and in a few other studies, the particle swarm optimization (PSO)
method for parameters and voltage-scanning based MPPT are
explored [18–21]. Another widely used method is the incremental
conductance (IC) method. The IC algorithm is based on the compar-
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Fig. 1. Single diode model of PV cell.
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ison of the PV panel’ conductivity and incremental conductivity.
Accordingly, the voltage of the panel is increased or decreased to
obtain maximum power from the PV panel. Most studies to
demonstrate the performance of IC method have been compared
with the P&O method [22–32]. Other study has preferred to com-
pare the performance of the IC method with P&O, SMC and fuzzy
control (FC) [33]. Additionally, FC method have been used to
improve the performance of P&O method [34–38]. The used meth-
ods are not limited with the mentioned methods. Genetic algo-
rithm based neural controller (GA-ANN) as another intelligent
control algorithm appears to improve the performance of P&O
method [39–40]. Also, fractional open circuit voltage (OCV) tech-
nique is adapted to P&O method and obtained a hybrid MPPT algo-
rithm in another study [41]. In addition to these studies about
control algorithms and their development, the use of different
dc-dc converter topologies is among the studies about MPPT. Gen-
erally, boost dc-dc converter circuit is used because of its simple
structure, low cost and convenient. Moreover, buck converter
and buck-boost converter [42] and Cuk converter [43–45] have
been implemented and used for MPPT applications on PV panels.
In some studies, three-diode model of two commercial PV modules
are used and nine important parameters have been obtained by
using equilibrium optimizer algorithm, artificial electric field algo-
rithm, transient search optimization algorithm and Harris Hawk
optimization algorithm [60–63]. Also, another study related with
parameter optimization of controllers by using Salp Swarm algo-
rithm to enhance the low voltage ride through of grid-connected
PV systems [64]. A fractional-order SMC based on a two-hidden-
layer recurrent neural network and a fuzzy double hidden layer
recurrent neural network is proposed for a single-phase shunt
active power filter [65–66]. A fractional controller based on the ter-
minal SMC and a recurrent Chebyshev fuzzy neural network using
a self-evolving mechanism is designed to tracking control of trajec-
tories [67].

In this study, after the reviewing the used and researched MPPT
methods, it is aimed to increase the efficiency and robustness. For
this aim, the SMCmethod was examined and it is desired to benefit
from the robustness of this method with improving efficiency of
MPPT application. Generally, many control algorithms have their
own advantages and disadvantages. The chattering problem is
one of the disadvantages of the SMC method in steady state. Using
the saturation function (sat(.)) instead of the signum (sign(.)) func-
tion is one of the methods used to reduce and eliminate the chat-
tering problem [46–47]. Another approach is to adapt the FC to the
SMC and FC can be used in several different ways. At this point,
using FC instead of sign or sat functions is one of the approaches
[48–49]. It is possible to limit the chattering problem in steady
state with FC. In this study, a robust control algorithm is used,
which is minimally affected by parameter changes (irradiation
variation). In this respect, the success of SMC is known by every-
one. Firstly, in order to minimize the chattering problem, which
is one of the disadvantages of this method, the super twisting-
SMC (STSMC) algorithm was designed. Type 2 Fuzzy (T2FC) is
adapted to the STSMC algorithm in order to minimize the varia-
tions in voltage, current, dc-dc converter output voltage and effi-
ciency. The Lyapunov stability analysis is performed to prove the
stability of proposed controller.

For this aim, Classical SMC and high order SMC methods such as
twisting-SMC (TSMC), STSMC can be used. FC has also two options
as classical (type 1) FC and T2FC. For MPPT application on PV sys-
tems, SMC based MPPT, STSMC based MPPT, and STSMC T2FC
based MPPT (STSMC-T2FC) methods are developed and imple-
mented to the same PV system.

Firstly, PV system and dc-dc boost converter circuit are mod-
elled with using MATLAB/Simulink. Secondly, the proposed three
algorithms about SMC and FC methods are implemented on the
2

proposed PV system. The performances of the MPPT algorithms
under variable irradiance conditions are shown with comparative
graphics and tables which contains performance parameters.

2. Modelling of the system

2.1. Model of PV module

The International Renewable Energy Agency predicts that
approximately 85 % of the energy produced in 2050 will be met
from renewable energy. Additionally, it is aimed that the energy
produced from sun will be 20 % of the total energy in 2050 and
increases the importance of electricity generation from solar
energy. One of the methods used to obtain electrical energy from
solar energy is the use of semiconductor-based PV array. PV solar
cells can be characterized as a system containing semiconductor
materials such as Silicon, Gallium, Arsenide, Cadmium Telluride
or Copper Indium Diselenide, which directly converts sunlight
(photons) on to itself. There are two commonly used methods to
model of PV cells such as single diode model and two diode model
[50,51]. The researches show that the efficiencies of both models
are very close at 25OC temperature condition. A single diode model
is preferred in this study and shown in Fig. 1.

The mathematical model which includes current–voltage rela-
tion can be easily obtained from the previous studies. In this cir-
cuit, current of the PV cell is obtained by using the Eq. (1) from
basic circuit laws.

IPV ¼ IPh � ID � IRp ð1Þ
Also, current of an ideal diode ID can be modelled with Shockley

Equation and is given in Eq. (2).

ID ¼ Is exp
VPV þ IPVRS

gVT

� �
� 1

� �
ð2Þ

Thermal voltage VT is obtained by using Eq. (3).

VT ¼ kTC=q ð3Þ
If Eqs. (1)–(3) are used to get the main expression for the cell

behavior, Eq. (4) is obtained and generally called as single diode
cell model.

IPV ¼ IPh � ID exp
VPV þ IPVRS

gVT

� �
� 1

� �
� VPV þ IPVRS

RP
ð4Þ

For a diode array, the number of series NS and parallel cell NP

numbers should be added to Eq. (4).

IPV ¼ NPIPh � NPID exp
VPV þ NS

NP
IPVRS

NSgVT

 !
� 1

" #
�
VPV þ NS

NP
IPVRS

NS
NP
RP

ð5Þ

With some assumptions, Eq.6 can be obtained.

IPV ¼ NPIPh � NPID exp
qVPV

NSgVT

� �
� 1

� �
ð6Þ



K. Kayisli Ain Shams Engineering Journal 14 (2023) 101950
When the PV panel is in short-circuit situation, VPV = 0 and IPV =
NPISC, also when the PV panel is in open-circuit situation, VPV =
NSVOC and IPV = 0. In these expressions, ISC is short circuit current,
VOC is open circuit voltage of PV panel. If we arrange the Eq. (5)
with these assumptions, the Eq. (7) can be obtained.

IPV ¼ NPISC � NPISC exp
VPV þ NSVOC

NSgVT

� �� �
ð7Þ
2.2. Model of DC-DC boost converter

There are many converter circuits that can be used in this struc-
ture. The boost dc-dc converter circuit, which is widely used, has
been preferred because it is well known, easy to implement and
has high efficiency. This converter works to convert the dc voltage
applied to its input to a higher level. The used circuit of the boost
dc-dc converter with an input filter capacitor CPV is shown in Fig. 2.

The circuit is examined in two cases, depending on whether the
switch (Q) is ON or OFF state. So, the characteristic equations of the
inductor current (IL) and the voltage of output capacitor (VO) are
obtained on Eqs. (8) and (9).

dIL
dt

¼ VPV � VO

L
þ VO

L
u ð8Þ

dVO

dt
¼ � VO

RCO
þ IL
CO

� �
� IL
CO

u ð9Þ

By combining these equations, the state space equation of the
dc-dc boost converter circuit is obtained in matrix form at Eq.
(10) with assuming IL = IPV.

d
dt

IPV
VO

� �
¼ 0 �1=L

1=CO �1=RCO

� �
IPV
VO

� �
þ VO=L

�IPV=CO

� �
uþ 1=L

0

� �
VPV

ð10Þ
3. Second order SMC for MPPT

The SMC is often used as a robust controller in systems where
nonlinear and parameter uncertainties exist. The chattering prob-
lem that occurs in the SMC method which is widely used in the
control of DC-DC converters. This problem can be reduced with
using variable switching frequency. But generally, the researchers
prefer to use fixed switching frequency on microcontroller-based
applications. There are some methods that can be used to over-
come the chattering problem. At this situation, saturation function,
fuzzy adaptation or high order SMC usage can be a solution. In this
study, our aim is to get maximum power point with minimum
chattering. MPPT is a technic that means maximum power point
tracker. Also, second order SMC based on the super twisting algo-
rithm (STSMC) is preferred to get maximum power from PV panel
with chattering minimization. In the literature, the presented stud-
ies show the enhanced chattering problem reduction of STSMC on
MPPT control [52]. In this method, there is no need to the time
Fig. 2. The used boost dc

3

derivations of the sliding variable and it saves the advantages of
the classical SMC. The trajectories oscillate with twisting on the
sliding surface instead of chattering.

There are two steps for developing of SMC. The first step is to
design a sliding surface where the dc-dc converter behaves as
desired. The second step is to design a control law so as to push
andmaintain the system on the sliding surface. When a sliding sur-
face is chosen as S(x,t), it should be equal to zero and also its first
derivation too.

S x; tð Þ ¼ 0; _S x; tð Þ ¼ 0 ð11Þ
Reaching and staying on the sliding surface of the system trajec-

tories will provide us maximum power. With this aim, Eq. (12) can
be used for sliding surface [52,53].

S x; tð Þ ¼ @PPV

@VPV
¼ VPV

@IPV
@VPV

þ IPV
VPV

� �
¼ 0 ð12Þ

The general control law contains two components as the STSMC
term for non-linear control (uSTSMC) and the equivalent control
term (ueq) and, it is given in Eq. (13).

u ¼ uSTSMC þ ueq ð13Þ
The control of the STSMC algorithm is shown in Eq. (14) [52].

uSTSMC ¼ �k1 Sj j1=2sign Sð Þ � k2

Z
sign Sð Þ ð14Þ

X ¼ IL
VO

� �
ð15Þ

_X ¼ f Xð Þ þ g Xð Þu ð16Þ

f Xð Þ ¼
VPV�VO

L
IPV
CO

� VO
RCO

" #
g Xð Þ ¼

VO
L

� IPV
CO

" #
ð17Þ

_S ¼ @S
@X

� �T
_X ¼ @S

@X

� �T
f xð Þ þ g xð Þueq
� � ¼ 0 ð18Þ

ueq ¼
@S
@X

� 	Tf Xð Þ
@S
@X

� 	Tg Xð Þ
¼ 1� VPV

VO
ð19Þ

By using Eqs. (15)–(18), ueq is obtained as shown in Eq. (19). The
next step is to prove the stability of the proposed control. The Lya-
punov stability analysis is generally used for this purpose.

3.1. Lyapunov stability analysis

Lyapunov Stability analysis is a well-known method that can be
used to analyze of a non-linear system’ stability. This method use
of a selected Lyapunov function V(x) acting with the dynamics of
the system. The V(x) must be selected with the following proper-
ties which is shown in Eq. (20).
-dc converter circuit.
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V xð Þ ¼ 0 if and only if x ¼ 0
V xð Þ > 0 if and only if x–0

V
_

xð Þ ¼ rV :f xð Þ � 0 for all values o x–0

8>><
>>: for asymptotic stability

ð20Þ
For the positive defined V(x) function depend on S(x,t) can be

selected as Eq. (21).

V x; tð Þ ¼ 1
2

S x; tð Þð Þ2 ð21Þ

The first derivative of the proposed S(x,t) is obtained and shown
in Eq. (22).

_S ¼ @S
@X

� �T
_X ð22Þ

_S ¼ @S
@IPV

� �
�VO

L
1� uð Þ þ VPV

L

� �
ð23Þ

The first term of the Eq. (23) is shown in Eq. (24).

@S
@IPV

¼ 1
VPV

� IPV
V2

PV

@VPV

@IPV
þ q
NSgVT

@IPV
@VPV

@VPV

@IPV
ð24Þ

The first derivative of IPV is defined as in Eq. (25).

@IPV
@VPV

¼ � q
NSgVT

ID exp
q

NSgVT

� �
ð25Þ

Also, if the Eq. (6) can be arranged again, VPV is obtained as in
Eq. (26).

VPV ¼ NSgVT

q
ln

IPH þ ID � IPV
ID

� �
ð26Þ

The derivative of Eq. (25) is given in Eq. (27).

@VPV

@IPV
¼ �NSgVT

q
ln

ID
IPH þ ID � IPV

� �
ð27Þ

After these operations, the sign of the Eq. (23) is obtained as
positive @S

@IPV
> 0 and the sign of the second term is required. If the

second term is arranged by using Eqs. (13) and (19), the final
expression is obtained as Eq. (28).

_X ¼ �VO

L
1� 1� VPV

VO

� �
� uSTSMC

� �
þ VPV

L
ð28Þ

S _S ¼ S
@S
@IPV

� �
VO

L
�k1 Sj j1=2sign Sð Þ � k2

Z
sign Sð Þ

� �
ð29Þ

The Eq. (29) show the stability that S and _S always have oppo-
site signs and provides the Lyapunov stability criteria. SMC [53],
TSMC which stability analyzes have been performed on previous
studies and STSMC structures can be given as with Eqs. (30), Eq.
(31) and Eq. (32), respectively.

uSMC ¼ ueq � k3sign Sð Þ ð30Þ

uTSMC ¼ ueq � k4sign Sð Þ � k5sign _S

 �

ð31Þ

uSTSMC ¼ ueq � k1 Sj j1=2sign Sð Þ � k2

Z
sign Sð Þ ð32Þ
Fig. 3. Crisp Set Example for Age.
4. Fuzzy logic control

Fuzzy Logic and fuzzy set theory were first proposed by Prof.
Lotfi A. Zadeh in 1965. This field has attracted the attention of
many scientists and has been used in many applications. Fuzzy
4

logic has been applied in many different fields such as process con-
trol, communication, business and medicine. However, studies in
the field of fuzzy logic are concentrated in the field of control
[54–55].

In Boolean Logic, an element is either an element of a set or it is
not. Such sets are called as crisp sets. A crisp set for the age sample
is shown in Fig. 3. In this example, persons between the ages of
zero and thirty are defined as young, persons between the ages
of thirty and fifty are defined as middle-aged, and persons over
the age of fifty are defined as elderly.

Instead of crisp logic, sets are defined such as less hot, hot, very
hot in fuzzy logic systems. Then, a membership degree in the range
of [01] is calculated within the fuzzy sets for each input value and
this situation creates a more appropriate logic in some applica-
tions. Fuzzy sets are represented by membership functions [54].
These membership functions can be defined as type-1 and type-2.

4.1. Type 2 fuzzy systems

The main problem of the classical SMC controller is the chatter-
ing problem. This is due to the use of the sign function, which
directly affects the behavior in the steady state. The value range
of the sign function is [-1,1]. Therefore, whether the value of the
error is large or small changes only the sign of the output of the
sign function and cannot adjust its size. In a previous study [48],
good results were obtained experimentally by using the classical
FC instead of the sign function. T2FC was preferred due to its
two-dimensional band structure, increasing the sensitivity and
aiming to increase the performance.

The type-2 fuzzy set was put forward by Zadeh as an extension
of type-1 fuzzy set concept. If there is a problem in determining the
degree of membership in the range of [0, 1], to use of type-2 fuzzy
sets can be more effective [56]. Type-2 Fuzzy Logic Systems (T2FS)
consists of fuzzy If-Then rules containing type-2 fuzzy sets. It can
be said that uncertainty is not only limited to linguistic variables,
but also a generalization of T1FS [55–58].

The general structure of T1FS and T2FS are shown in Fig. 4.
When Fig. 4 is examined, it is seen that T2FS and T1FS are similar
to each other. The major difference between them is that the
defuzzification unit of T1FS is replaced by type reduction followed
by defuzzification in T2FS [57–58].

The type2 membership functions of a T2FS represented with A
�

is denoted by lA x;uð Þ and it is expressed as in Eq. (33)
(x 2 Xandu 2 Jx # 0;1½ �) [57–58].

A
�
¼ f x;uð Þ;lA� x;uð Þj8x 2 X;8u 2 Jx # 0;1½ �g ð33Þ



Fig. 4. Structure of Type 1 and Type 2 Fuzzy Sets.
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In the Eq. (33), the membership function l
A
� x;uð Þ is defined in

[0,1]. Also, A
�
can be specified as in Eq. (34) [58–59].

A
�
¼
Z
x2X

Z
u2Jx

lA� x;uð Þ= x;uð ÞJx # 0;1½ � ð34Þ

The (ʃ ʃ) is in Eq. (34) represents all acceptable � and u spaces.
With 8u 2 Jx # 0;1½ �, Jx is the primary membership function of x. In
addition, each primary membership value has a corresponding sec-
ondary membership value. The uncertainty in the primary mem-

bership functions of the T2FS (A
�
) consists of a limited region

called the uncertainty footprint (FOU). Mathematically, the FOU
is the combination of all primary MFs. The MF of a general T2FS
is three-dimensional, and a cross-section of a slice is shown in
the Fig. 5. Only the boundary of the cross-section is used to define
the MF of the set [57–58].

Since the T2FSs are difficult to understand and use, a T2FS called
as interval T2FS has been proposed in literature [59].

4.2. Interval type 2 fuzzy systems

If all l
A
� x;uð Þ are equal to 1 (one), then A

�
is called as interval

Type 2 Fuzzy System (IT2FS). The Eq. (34) is determined as Eq.
(35) for IT2FS [57–58].

A
�
¼
Z
x2X

Z
u2Jx

1= x;uð Þ Jxq# 0;1½ � ð35Þ
Fig. 5. T2FS Membe

5

The MF of the IT2FS set is shown in the Figure. The third-
dimension value for an IT2FS is the same everywhere. This means
that the third dimension of IT2FS contains no new information.
Therefore, the third dimension is neglected and only FOU is used
to describe IT2FS.

As seen in Fig. 6, the MFs of IT2FS are combined with two type-1
membership functions as an upper membership function (UMF)
and a lower membership function (LMF), which is the boundary

for the FOU of T2FS A
�
is shown [57–58]. The most important differ-

ence between T1FS and T2FS is the use of type-2 MFs in T2FS. The
structure of the rules in both fuzzy set is exactly the same. Rule
structure of a T2FS with n inputs is given in Eq. (36) [57–58].

r:Rule : If x1 ¼ A
� i

1; x2 ¼ A
� i

2; � � � :; xn ¼ A
� j

n; then y ¼ Ci ð36Þ
In Eq. (36), M represents the rules, j = 1, . . ., N, x 2 X and y 2 Y.

Also, this equation shows the type-2 relationship between input
space X and output space Y of T2FS.

Fuzzy Inference Mechanism: The inference process in T2FS is very
similar to T1FS. In the inference mechanism, the rules are com-
bined and mapped the input T2FS to the output T2FS. For this
matching process, it is necessary to calculate the unions and inter-
sections of T2FS, as well as the combinations of type-2 relation-
ships. Instead of intersection and union operations, joining and
meeting operations are used in T2FS. Joining andmeeting operations
are used in secondary MFs [57–58]. Cj is j. result range set of the if-
then rule as shown in Eq. (37).
rship Function.



Fig. 6. IT2FS Membership Function.
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l
�
1 ¼ l

�
1;l

1

� �
; l

�
2 ¼ l

�
2;l

2

� �
� � �l�n ¼ l

�
n;l

n

� �
ð37Þ

Here, l
�
1andl

1
are the membership certainty degrees of the

UMF and LMF, respectively. The set of total membership certainties
for each rule is defined as Eq. (38).

f j ¼ f
�
j; f j

� �
ð38Þ

In Eq. (37), f
�
jandf j are defined as Eq. (39) and Eq. (40),

respectively.

f j ¼ l
1
x1ð Þ \ l

2
x2ð Þ \ � � � \ l

n
xnð Þ ð39Þ

f
�
j ¼ l

�
1 x1ð Þ \ l�2 x2ð Þ \ � � � \ l�n xnð Þ ð40Þ

The result set Cj of the r. rule is an interval set and is defined as
in the Eq. (41).

Cj ¼ cjl; c
j
r

h i
ð41Þ
Fig. 7. The variable ir

6

The obtained output ynet is the net output of T2FS and defined
as ynet ¼ yl; yr½ �. yl and yr can be calculated using a type reduction
method. Then, the type-reduced fuzzy set for IT2FS can be
expressed as YTR ¼ yl xð Þ; yr xð Þ½ �. In this expression, the YTR is a IT1FS
whose two endpoints are yl and yr. The output of T2FS can be cal-
culated by using the average values of yl and yr with the help of
Y ¼ ðyl þ yrÞ=2.

The output set corresponding to each rule of T2FS is a type-2
set. The type reducer combines all these output sets in the same
way that a type-1 defuzzifier combines the type-1 rule output sets
(Mendel, T2FS: Type Reduction). Then, a center calculation is made
on this T2FS, and at the end of this process, a reduced set is
obtained that results in the T1FS. Many types of reduction methods
have been proposed in the literature. The most widely used type
reduction and clarification method is the iterative Karnik and Men-
del (KM) algorithm. In this study, the KM method is preferred for
type reduction.

Karnik and Mendel Type Reduction Method:

� Calculating yl consists of five steps.

i. The cjl are sorted in ascending order as
c1l � c2l � � � � � cNl ðj ¼ 1 ; 2; :::; NÞ. The corresponding

indices of the sorted cjl and the appropriate weights of f

and f
�
are equated.

ii. Initialize fi and calculate y as in the Eqs. (42) and (43).
f i ¼
f
i
þ f

�
i

2
i ¼ 1;2; � � � ;N ð42Þ
y ¼
PN

i¼1fic
i
lPN

i¼1fi
ð43Þ
iii. The switching point L is found to be
cil � y � ciþ1

l 1 � L � N� 1ð Þ
iv. fi is set and y’ is calculated as in the Eq. (44) and Eq. (43),

respectively.
radiance profile.



Table 1
The parameters of PV array.

Parameter Value

Maximum Power (W) 213.15
Cells per Module (Ncell) 60
Open circuit voltage VOC (V) 36.3
Short circuit current ISC (A) 7.84A
Voltage at MPP VMP (V) 29
Current at MPP IMP (A) 7.35
Temperature (OC) 25
Parallel strings (NP) 2
Series connected modules per string (NS) 2

Table 2
The components of converter and parameters.

Components and parameters Value

Input filter capacitor 220 lF
Inductor 2 mH
Forward voltage Vf of IGBT 1 V
Forward voltage Vf of Diode 0.8 V
Output capacitor 470 lF
Resistor (load) 20 X
Switching frequency (kHz) 5 kHz
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x ¼ f
�
ii � L

f ii > L

8<
: ð44Þ
v. The condition y ¼ y0 is checked. If not equal go to step 3 and
set y ¼ y0. Otherwise, it is set directly to y ¼ y0.

� Calculating yr also consists of five steps similarly calculating
of yl.

The proposed mppt system.
The proposed MPPT system is implemented and simulated with

using MATLAB/Simulink. Firstly, the variable irradiation profile is
prepared as shown in Fig. 7. The irradiance is started with
800 W/m2, changed and decreased to 600 W/m2, increased to
1000 W/m2 and at last, decreased to 800 W/m2.

Secondly, a used defined PV array is modeled with the parame-
ters which is shown in Table 1. The PV array consists 2 parallel and
2 series connected modules contains 60 cells. The current–voltage
and power-voltage characteristics of the proposed PV array under
variable irradiance are shown in Fig. 8.

Thirdly, a classical boost dc-dc converter circuit is modelled and
connected to the PV array. The parameters of PV panel are chosen
from a manual of commercial PV panel. Also, the parameters of
Fig. 8. Current-voltage and power-voltage characte
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boost converter are chosen above the limit values which can be
obtained by standard equations [68] for CCM operation. The com-
ponents of converter and its values are given in Table 2.

The components of the simulation are combined and also, dif-
ferent MPPT algorithms with SMC, STSMC and STSMC-T2FC meth-
ods are modelled and PWM signal is obtained as shown in Fig. 9.
Also, the MATLAB/Simulink model of the proposed system is
shown in Fig. 10.

Eq. (30) is used for SMC and Eq. (32) is used for STSMC and
STSMC-T2FC algorithms. T2FC method is preferred instead of sign
(.) function to reduce the chattering problem. And, the effects of
T2FC usage are shown in results with graphics and tables. The next
step for increasing the performance of MPPT algorithms is to opti-
mize the parameters of control algorithms.
4.3. Optimization of controller parameters

After the simulation environment is created, the optimization of
the parameters used in the SMC, STSMC and STSMC-T2FC algo-
rithms is performed by using the MATLAB optimization. The fitness
function of optimization algorithms can be chosen as integral abso-
lute error, integral square error, integral time absolute error, inte-
ristics of PV array under different irradiances.



Fig. 9. The proposed MPPT system.

Fig. 10. Simulation model of the proposed system.
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gral time square error (ITSE), integral square time error for this
purpose. In this study, ITSE is used to tune the parameters and
the fitness value is obtained by using Eq. (45). The efficiency of
PV (power efficiency) and actual value are compared (PPVeff-
PPVact = eeff) and the error is obtained to use for objective function.
Output of the objective gives fitness value and it is tried to be
reduced below the target value (i:e:e ¼ 10�6Þ by bringing it closer
8

to zero, and the minimization function is used for this process. This
process and convergence of the error value with optimization tool-
box is shown in Fig. 11. As an optimization method, gradient des-
cent (active-set algorithm) is chosen on optimization toolbox. In
Table 3, the optimized values of the controllers are given.

ITSE ¼
Z

te2eff dt ð45Þ



Fig. 11. Convergence graphs of simulation based objective function using gradient descent algorithm with ITSE.

Table 3
The optimized controller parameters of SMC, STSMC and
STSMC-T2FC.

The controller parameter Value

k1 (Eq. (32) STSMC and STSMC-T2FC) 0.0110
k2 (Eq. (32) STSMC and STSMC-T2FC) 0.00025
k3 (Eq. (30) SMC) 0.0724
I1 (T2FC input gain1) 0.3194
I2 (T2FC input gain2) 0.3229
O1 (T2FC output gain) 0.4055

Fig. 12. The efficiency (PPV) of SMC, STSM
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This method is much useful for parameter optimization and it is
possible to optimize the parameters online without dealing with
solving equations or getting the transfer function of the system.
5. Results

The MPPT system which is fed by a PV panel that modelled with
all components. Three different SMC algorithms are proposed for
MPPT and the performances of SMC, STSMC and STSMC-T2FC
C and STSMC-T2FC MPPT algorithms.



Fig. 14. VPV, IPV, IO and VO graphics of STSMC MPPT.

Fig. 13. VPV, IPV, IO and VO graphics of SMC MPPT.
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Fig. 15. VPV, IPV, IO and VO graphics of STSMC-T2FC MPPT.

Fig. 16. Histogram for efficiency of SMC, STSMC and STSCM-T2FC MPPT.
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Table 4
Performance comparison of the developed methods.

SMC MPPT STSMC MPPT STSMC-T2FC
MPPT

Efficiency (Mean) 99.1814 % 99.3335 % 99.5872 %

Fluctuation on Efficiency
between (Min-Max)

96.1670 %-
100 %

93.8861 %-
100 %

98.0615 %-
100 %

Fluctuation on VPV between
(Min-Max)
Time (0.7sn-0.9sn)

55.473 V-
61.750 V
6.227 V (peak
to peak)

57.90 V-
59.21 V
1.31 V (peak
to peak)

58.2 V-
58.88 V
0.68 V (peak
to peak)

Fluctuation on IPV between
(Min-Max)
Time (0.7sn-0.9sn)

13.81A-
15.065A
1.255A (peak
to peak)

14.4A-14.7A
0.3A (peak to
peak)

14.432A-
14.62A
0.188A (peak
to peak)

Fluctuation on VO between
(Min-Max)
Time (0.7sn-0.9sn)

125.5 V-
128.14 V
2.64 V (peak
to peak)

126.48 V-
127.98 V
1.5 V (peak
to peak)

126.58 V-
127.78 V
1.2 V (peak to
peak)
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methods are compared. Also, the controller parameters are opti-
mized. For these methods, the MPPT efficiency is compared in
Fig. 12. Also, VPV, IPV, IO and VO variables for SMC, STSMC and
STSMC-T2FC MPPT methods are shown in Fig. 13, Fig. 14 and
Fig. 15, respectively. It can be seen clearly that chattering and fluc-
tuation with SMC is more than STSMC and STSMC-T2FC MPPT algo-
rithms. With high order structure and fuzzy logic adaptation is
decreasing the chattering problem. Additionally, the robustness
of the SMC based MPPT methods under variable irradiance can
be seen in these figures.

The histogram of Fig. 12 is shown in Fig. 16 that � axis shows
efficiency values (%) between 0 % and 100 %, y axis shows the num-
ber of samples. It is easy to see that STSMC-T2FC MPPT comes to
the fore. Efficiency samples of STSMC-T2FC between (99.9–100 %)
are 20 % more than STSMC and 30 % more than SMC. 80 % of the
samples of STSMC-T2FC efficiency are in between 99.4 and 100 %.

At last, some parameters are explored and measured to com-
pare the performances of the developed methods. Efficiency (mean
of all simulation time), fluctuation on efficiency, VPV, IPV, VO

between (min–max) are presented in Table 4.
6. Conclusion

The important control subject is its robustness under parameter
changes and this feature can be proposed for both side parameter
changes of converter circuits (changes of input voltage, output
voltage and load). For the MPPT application, the most important
issue is to make a control that is minimally affected by irradiation
change. The decrease in performance due to sensitivity to irradia-
tion changes is the deterioration of controller performance. Espe-
cially, SMC method is preferred to improve this situation and to
design a robust controller. And then, T2FC algorithm is adapted
to the SMC controller in order to minimize the variation in current,
voltage and efficiency caused by the current chattering problem of
this method. In this study, it is desired to design a robust and
highly efficient MPPT algorithm. At this point, some improvements
are made based on the SMCmethod which appears as a robust con-
troller. In order to minimize the chattering problem and increase
the robustness, the STSMC algorithm is firstly designed and the
FC system is integrated into STSMC. In addition, maximum effi-
ciency is aimed by optimizing the parameters of SMC, STSMC
and STSMC-T2FC methods. The MPPT performance of the SMC
method was determined more than 99 % in general, and the
designed STSMC-T2FC algorithm give good results by greatly
12
reducing the oscillations in voltage, current and efficiency param-
eters. With 5 kHz switching frequency, all the results are obtained
as much satisfactory. The efficiency of SMC MPPT is 99.1814 %,
STSMC MPPT is 99.3335 % and STSMC-T2FC MPPT is 99.5872 %.
The efficiency performances are very close to each other but
STSMC-T2FC provided the best results. And the effects of T2FC
adaptation to SMC can be directly seen with the obtained results.
The fluctuation on efficiency for SMC MPPT has nearly 4 % band,
STSMC MPPT has nearly 6 % band and STSMC-T2FC has nearly<2 %
band. Also, fluctuation on VPV for SMC MPPT is 6.227 V, STSMC
MPPT is 1.31 V and STSMC-T2FC is 0.68 V (for mean 58.5 V). The
fluctuation is decreased to 1.16 % from 10.64 % on VPV values. Addi-
tionally, the fluctuation on IPV for SMC MPPT is 1.255A, STSMC
MPPT is 0.3A and STSMC-T2FC is 0.188A (for mean 14.5A). The fluc-
tuation is decreased to 1.29 % from 8.65 % on IPV values. The fluc-
tuation on VO of the converter for SMC MPPT is 2.64 V, STSMC
MPPT is 1.5 V and STSMC-T2FC MPPT is 1.2 V. The fluctuation is
decreased to 0.94 % from 2.07 % on VO values. These results show
that the fluctuation supported from chattering problem are
reduced for all these parameters and it shows the efficiency of
T2FC adaptation to STSMC.
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