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a b s t r a c t

The most important issue in the use of wind energy conversion systems (WECS) is to ensure maximum
power extraction for attaining increased efficiency. In this study, maximum power extraction frameworks
operating the state-of-the-art optimization methods are presented for permanent magnet synchronous
generator (PMSG) based WECS. These frameworks consist of a fast terminal sliding mode control
(FTSMC) based MPPT controller and a hybrid MPPT approach that combines chaotic based particle swarm
optimization (PSO) derivatives and optimal relation based (ORB) method. Chaotic dynamic weight PSO
(CDW-PSO) and Gauss map based chaotic PSO (GM-CPSO), which are remarkable and recent optimization
techniques, are utilized to achieve optimum coefficients to ensure efficient MPPT operation. After acquir-
ing the optimum coefficients, the framework passes to ORB operation part. Moreover, the proposed
frameworks track extracted power within certain limits during the operation of WECS and make transi-
tion between the best coefficients if necessary. On the other hand, FTSMC is used to track the MPPT ref-
erences that are determined via hybrid MPPT algorithms. To validate the proposed frameworks, they are
tested in Matlab/Simulink environment for three specific wind speed scenarios. GM-CPSO based ORB and
CDW-PSO based ORB MPPT methods are compared with ORB and tip speed ratio (TSR) methods under
these scenarios. Consequently, it is revealed that proposed methods contribute to MPPT efficiency by pro-
viding higher power extraction than other conventional methods.
� 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The conventional energy resources have low efficiency, are
becoming insufficient, and causes some threats such as pollution
and global warming [1]. In recent years, these threats decreasing
their usability have necessitated countries to seek renewable
energy-based power generation systems [2]. As the wind energy
is clean, infinite and reliable, it grows much faster and attracts a
lot of attention by researchers and investors [3,4]. Moreover, as it
can reduce the cost of power generation, efficient usage of wind
energy can obviously have a vital role in meeting growing energy
demand.

In literature studies and industrial applications, Wind Energy
Conversion Systems (WECSs) have a special place in generating
electrical power from wind power. WECSs generally comprise of
wind turbine, generator, power converter and its controller [5].
In addition, there is a need for more effective and innovative con-
trol strategies and algorithms in order to improve capabilities such
as power conversion quality and efficiency for WECSs [6].

WECSs can be divided into two main types as constant-speed
(CS-WECS) and variable-speed (VS-WECS). CS-WECS has simple
design but low efficiency since it can be operated in a narrow wind
speed range [7]. However, as the wind owns a random nature and
its speed varies depending on the conditions, the power of wind
turbine is always fluctuating [4]. In addition, maximum power
must be captured at each wind speed as much as possible, and this
can only be carried out with MPPT operation in the VS-WECS [4,8].
VS-WECS configurations range from small-scale stand-alone struc-
tures to high-powered wind farms [9], and two different power
converter topologies are commonly encountered: back-to-back
converter (BTBC) and rectifier-boost converter [10,11]. Although
BTBC topology is more advantageous for high-power WECS, the
latter one is more preferred in terms of efficiency and cost for
small-scale applications. Besides, it offers a very good alternative
to rural areas remote to grid network.

Squirrel cage induction generators (SCIGs) [12], doubly-fed
induction generators (DFIGs) [13] and permanent magnet syn-
chronous generators (PMSGs) [4,6,7] are used to convert the
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Nomenclature

List of symbols
Pm Mechanical power
qa Air density (kg/m3)
A Swept area of turbine blades (m2)
CP (k, b) Power coefficient
k Tip speed ratio
b Pitch angle
R Turbine blade radius (m)
vw Wind speed (m/s)
ggen generator efficiency
gconv converter efficiency
xm turbine rotor angular speed
kv approximation constant
PL electrical power delivered to the load
VDC rectified voltage
Kopt optimum coefficient
u,u

�
the switching control function, its inverse logic

j feedback converter ratio
IDC, IO BC input current, BC output current
VO BC output voltage
p, q positive odd integers
s sliding mode manifold
ueq, usw, ut equivalent, switching, total control signal
Ksw coefficient
R,L,C Resistor, inductor, capacitor
a,c Independent coefficient of sliding manifold
X1;X2; _X2 controlled system variables
Vi(t) current velocity vector of ith particle
Vi(t + 1) new velocity vector of ith particle
Xi (t) current position vector of ith particle
Xi (t + 1) new position vector of ith particle
x inertia weight for optimization methods
c1, c2 acceleration constants
Xmin,Xmax position limitations
Vmin,Vmax velocity limitations

Xpbest(i)(t) individual best position of ith particle
Xgbest(t) global best solution of the whole swarm
f(i) fitness value at the ith iteration dynamic weights
wi = w, wi

0 dynamic weights
q a random number within the range (0,1)
r1(t), r2(t) random numbers within the range (0,1)

List of abbreviations
BC Boost converter
BTBC Back-to-back converter
CDW-PSO Chaotic dynamic weight PSO
CKH Chaotic krill herd
CS-WECS Constant-Speed WECS
DFIG Doubly-fed induction generator
DW-PSO Dynamic weight PSO
FLC Fuzzy logic control
FTSMC Fast terminal sliding mode control
GM-CPSO Gauss map based chaotic PSO
HCS Hill climbing search
INC Incremental conductance
KH Krill herd
MPPT Maximum power point tracking
NN Neural network
ORB Optimum relation based
OTC Optimal torque control
PMSG Permanent magnet synchronous generator
PSF Power signal feedback
PSO Particle swarm optimization
SCIG Squirrel cage induction generator
SMC Sliding mode control
SM-PSO Sine map based chaotic PSO
TSR Tip speed ratio
VS-WECS Variable-Speed WECS
WECS Wind Energy Conversion System
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mechanical energy of turbine into electrical form. While DFIGs are
preferred in high-power installations, PMSGs are distinguished by
several advantages such as high power density, high efficiency and
reliability, low maintenance cost and direct-driven operation capa-
bility in small and medium sized applications [14,15]. For this rea-
son, in this study, the authors prefer PMSG based VS-WECS
configuration that consists of rectifier and DC-DC boost converter.

Although it is plentiful in suitable regions, the wind speed is of
highly random and time-varying nature. On the other hand, for
each wind speed, there is a unique operating point where maxi-
mum power can be captured. To this end, MPPT operation should
be ensured in the range between cut-in and rated wind speed in
order to maximize the power.

In the literature, MPPT operation is examined in two categories:
1) MPPT search methods to determine the optimal operating point,
2) Controller designs to bring the WECS to this optimal point. As
these two categories will affect the overall system efficiency, both
are vital and extensive researches have been carried out on them.

In some literature studies; various methods were used as MPPT
controller. PI and PID type classical controllers are easy to design
and its parameters can be sometimes optimized to improve
dynamical performance by different optimization techniques
[16,17]. However, these methods cannot present sufficient perfor-
mance in many applications that includes strong nonlinearity
caused by wind turbines aerodynamics, power converters, besides
the nature of wind flow [18]. Therefore, some of the more
advanced methods, for instance, Fuzzy Logic Control (FLC) [11],
back-stepping [19] and different sliding mode control (SMC) tech-
niques [6,20] have been used in the WECS by researchers. In this
study, fast terminal sliding mode controller (FTSMC), which is cap-
able of fast convergence and better performance by removing the
disadvantages of conventional SMC [21], is designed as a voltage
regulator to generate the switching signal of power converter for
bringing the system into the operating point determined by MPPT
method.

Either new, modified, or hybrid, various MPPT methods have
been proposed in the literature. However, they have their own
merit and demerits in terms of requirement of mechanical sensor
and preliminary information, process load, complexity and conver-
gence speed [1,14]. The most common methods are hill-climbing
search (HCS) [22], incremental conductance (INC), optimal torque
control (OTC) [23], tip speed ratio (TSR) [24], power signal feed-
back (PSF) and optimal relation based (ORB) method [25]. TSR
method is relatively simple which aims to maximize CP by keeping
the system in kopt. Nevertheless, it needs wind speed information.
Whilst PSF method does not need to measure wind speed, it is nec-
essary to obtain the characteristic curve of the WECS, that is, tur-
bine power curve vs. shaft speed by making off-line experiments.
OTC method is one of the basic methods trying to adjust the
generator torque to the reference torque in which it will reach
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maximum power at a specific wind speed. However, in case high
wind turbulences occur, its performance deteriorates and the effi-
ciency of OTC remains relatively lower than TSR. HCS is an eco-
nomical and simple method where peak search of the output
power is performed by measuring and perturbing the generator
speed. Although the output power is usually searched with con-
stant step changes, some studies on variable step-size have also
been fulfilled. In addition, optimal adjustment of step-size creates
a challenging subject. ORB is operated with optimum relations
between different system parameters without wind speed sensor
and then MPPT references are calculated in advance and generally
stored in the look-up table. Furthermore, its response to wind
speed change is fast and it has ease of application. The optimum
coefficient Kopt values can be calculated with regard to the defined
relation, however, the accurate determination of coefficients is
challenging since they vary for each unique wind speed. At this
point, optimization techniques can offer a solution to determine
Kopt values without any wind speed measurement. One essential
objective of this paper is to find a promising solution to this issue.

Stochastic behavior is utilized in various themes like numerical
function optimization, hybrid classifier design, and pattern recog-
nition [26,27]. The convergence of methods is proposed to be effi-
cient for the handled fitness function, and this process should be
realized with influential methods to achieve remarkable perfor-
mance. There exists various strategies of particle swarm optimiza-
tion (PSO) considering different derivatives to provide better
convergence than other techniques. One of which expressed in
[28] proposed two efficient derivatives of PSO that are Sine map
based chaotic PSO (SM-CPSO) and dynamic weight PSO (DW-
PSO). By combining SM-CPSO and DW-PSO algorithms, chaotic
dynamic weight PSO (CDW-PSO) was generated to design a robust
structure. On numerical function optimization, CDW-PSO sur-
passed twenty optimization algorithms including basic methods,
chaotic approaches, PSO based derivatives and state-of-the-art
studies. In [28], Sine map was evaluated to update the inertia
weight of PSO according to its usage in krill herd (KH) and chaotic
krill herd (CKH) algorithms [29,30]. However, PSO involves differ-
ent dynamics (formulations and phenomena) inside, and the nec-
essary map can vary from one method to another. With this
inspiration, Koyuncu [26] examined ten chaotic maps in PSO to
reveal whether chaotic maps are essential in the update of inertia
weight or not. In the first part of experiments, the CPSOs including
ten chaotic maps are compared with each other beside general
PSO. Thus, it arose that Gauss map based CPSO (GM-CPSO) was
the only one outperforming general PSO in every condition and
was also the best one among all CPSOs. In the second part, GM-
CPSO was compared with SM-CPSO, DW-PSO and CDW-PSO meth-
ods in different dimensional conditions. GM-CPSO outrivaled SM-
CPSO and DW-PSO approaches on global optimization of bench-
mark functions. Herein, GM-CPSO can be seen as a part inside of
CDW-PSO. However, the performances obtained by CDW-PSO
and GM-CPSO methods were so close that, the third experiment
was considered to objectively arise the best one. Epileptic seizure
recognition was implemented using neural network (NN) based
hybrid classifiers that contain the best three methods (DW-PSO,
CDW-PSO, GM-CPSO) of the second experiment. GM-CPSO-NN out-
performed DW-PSO-NN and CDW-PSO-NN algorithms on detec-
tion of seizure vs. non-seizure patterns in terms of obtaining
reliable performance. Consequently, GM-CPSO proved oneself on
global function optimization and pattern recognition as a state-
of-the-art method [27].

In this paper, CDW-PSO and GM-CPSO algorithms are handled
to design an efficient framework operating hybrid optimization
and ORB MPPT method to extract maximum power from WECS.

The intended contributions of this study made to the literature
can be seen as follows:
� GM-CPSO and CDW-PSO algorithms have been diversely hybri-
dized with ORB MPPT method to create two effective maximum
power extraction framework that has not been used in WECS
before. These algorithms provide a solution to obtain Kopt coef-
ficients that will ensure MPPT without system parameters. After
these coefficients are obtained in this way, ORB operation mode
is activated.

� The proposed MPPT framework is mechanically sensorless, has
a very fast convergence without the need for any system prior
knowledge, and ensures maximum power extraction by switch-
ing between the best coefficients and by following the power
changes during operation.

� A unified maximum power extraction framework has been cre-
ated using the FTSMC as a voltage regulator to bring the system
to the optimal voltage. Herein, this voltage is determined by the
proposed hybrid MPPT for PMSG-based WECS configuration
consisting of rectifier and DC-DC boost converter.

� Using three wind speed profiles, proposed methods are ana-
lyzed in detail by comparing with ORB and TSR methods, and
further improved MPPT efficiency by providing higher power
extraction than the others.

The rest of this study is presented as follows: In Section 2, the
designed WECS configuration is given in detail. Section 3 presents
the state-of-the-art optimization algorithms, MPPT method and
FTSMC controller in a comprehensive manner. Simulation results
and interpretations are evaluated in Section 4, and concluding
remark is given in Section 5.
2. WECS configuration

The schematic diagram of the designed WECS configuration is
presented in Fig. 1. Herein, WECS configuration consists of wind
turbine, PMSG, three phase uncontrolled rectifier, boost converter
(BC), load, and combined maximum power extraction framework.
Moreover, it can be seen that the unified framework comprises
hybrid optimization, ORB MPPT method, and fast terminal sliding
mode MPPT controller.

As seen in Fig. 1, some voltage and current information are
measured from WECS. The hybrid MPPT method aims to maxi-
mize the electrical power directly on the terminal out, namely
on the load, to achieve more accurate results. In addition, while
the input of this method is PO output power, which is obtained
by multiplying the output voltage VO with output current IO, its
output is the optimal operating point Vin_opt against the maximum
power. Besides, BC input voltage Vin, BC output voltage VO and
reference voltage Vin_opt are the inputs of FTSMC that are consid-
ered as a voltage controller. Whereas, the output of FTSMC can be
regarded as the control signal that will bring the WECS to the
operating point.
3. Material and methods

In this paper, the proposed framework for extraction of maxi-
mum output power focuses on three special topics as optimization
algorithms, MPPT methods and MPPT controller. The first one is
optimization algorithms, which includes chaotic dynamic weight
PSO (CDW-PSO) and gauss map based chaotic PSO (GM-CPSO).
The second one is MPPT methods that are mentioned as TSR MPPT,
ORB MPPT and Hybrid optimization based ORB methods. The last
one is MPPT controller, which deals with the fast terminal sliding
mode control method as a voltage regulator to bring the system
to the optimal voltage.



Fig. 1. PMSG based WECS configuration.
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3.1. Optimization algorithms

This subsection begins by explaining two state-of-the-art opti-
mization methods, which are utilized to achieve the necessary ref-
erence voltage to be used in WECS. Chaotic dynamic weight PSO
(CDW-PSO) and Gauss map based chaotic PSO (GM-CPSO) are
designed as the modified versions of PSO algorithm. These algo-
rithms have also proved oneself in different disciplines and are also
superior to basic optimization methods, chaotic based approaches,
and novel optimization techniques. GM-CPSO and CDW-PSO algo-
rithms are applied to the control area firstly in this study.

As in PSO, every solution is named as a particle in GM-CPSO and
CDW-PSO methods, and each particle corresponds to a new position
covering a dimension equal to the parameters to be optimized. The
tradeoff between exploration and exploitation is ensured using the
global best solution obtained in the whole swarm and the individ-
ual best positions procured of every particle.

3.1.1. Gauss map based chaotic particle swarm optimization
GM-CPSO involves nearly all phenomena in PSO method, with

the exception of stable or linear updated inertia weight. As in
PSO algorithm, GM-CPSO utilizes velocity and position concepts
to provide the convergence towards the global point(s), and are
respectively shown in (1) and (2) [26].

Vi t þ 1ð Þ ¼ xVi tð Þ þ c1r1 tð Þ Xpbest ið Þ tð Þ � Xi tð Þ� �
þ c2r2 tð Þ Xgbest tð Þ � Xi tð Þ� � ð1Þ

Xi t þ 1ð Þ ¼ Xi tð Þ þ Vi t þ 1ð Þ ð2Þ
In (1) and (2); Vi(t) and Xi(t) respectively symbolize the current

velocity and position vectors of ith particle, whilst Vi(t + 1) and
Xi(t + 1) add up to the new ones. Xpbest(i)(t) and Xgbest(t) specify
the individual best position of ith particle and global best solution
of the whole swarm. c1 and c2 are acceleration constants adjusting
the movements to the individual and global best positions and are
formulated according to (3) [31]. In the literature, these constants
are generally chosen as equal to ‘2’ to acquire better fitness [28].
r1(t) and r2(t) are generated in the range of (0,1) and provide diver-
sity to better explore the search space. x connotes the inertia
weight limiting the effect of the current velocity to the step size
(new velocity). In GM-CPSO, the arrangement of x is performed
using Gauss (Mouse) map presented in (4) [26,27].

c1 þ c2 6 4 ð3Þ
x iþ 1ð Þ ¼
1 x ið Þ ¼ 0

1
mod x ið Þ;1ð Þ otherwise

(
; x 0ð Þ ¼ 0:7 ð4Þ

In (3), the first assignment of inertia weight is advised as ‘0.7’ to
obtain better chaotic behavior [32]. In terms of the presented chao-
tic behavior, Gauss map can change or eliminate the effect of the
current velocity on step size. Even if this process indirectly affects
the new position, it improves the searching capability by diversify-
ing the solutions (positions) in search space. Herein, Gauss map
induces more variety to guarantee better convergence for optimal
solutions [26,27].

The boundaries of velocity values are regulated according to (5).
Xmin and Xmax are defined as the minimum and maximum values
that a position can become, while Vmin and Vmax are specified for
the velocity limitations. The parameter ‘k’ is used to connect the
velocity boundaries with the position limitations, and a value of
‘0.2’ is assigned as advised in most of PSO based derivatives
[26,28].

Vmin;Vmax½ � ¼ k � Xmin;Xmax½ � ð5Þ
3.1.2. Chaotic dynamic weight particle swarm optimization:
CDW-PSO differentiates from PSO algorithm by handling the

dynamic weights for position update and by referring Sine chaotic
map for the set of inertia weight. Velocity concept of general PSO is
preserved in CDW-PSO algorithm, and it operates (1) to calculate
the step size. In (1), all parameter definitions about velocity remain
unchanged with GM-CPSO method, except inertia weight (x)
which is tuned using the Sine map defined in (6) [26,28].

x ¼ xk ¼ A:sin pxk�1ð Þ; xk 2 0;1ð Þ; 0 < A 6 1; k ¼ 1;2; :::;Mmaxf g
ð6Þ

In (6); k and Mmax are respectively the current and maximum
iteration numbers, and xk is described as the inertia value at kth

iteration. Sine map yields diversity for restriction of step size, how-
ever, it can remove the effect of current velocity to step size less
than Gauss map. (4) and (6) suggest that this situation is connected
with the nature of the utilized chaotic map.

To increase the effect of global best solution directly to the new
position, the position concept of CDW-PSO is formulated according
to (7). Herein, wi (w) and wi

’ are the dynamic weights respectively
identified in (8) and (9) [26,28].

Xi t þ 1ð Þ ¼ Xi tð Þwi þ Vi t þ 1ð Þwi
0 þ qXgbest tð Þw ð7Þ
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wi ¼ w ¼ exp f ið Þ=uð Þ
1þ exp �f ið Þ=uð Þð Þiter

ð8Þ
wi
0 ¼ 1�wi ð9Þ
In (7), w is assigned as the acceleration constant that is equal to

wi as seen in (8). wi and wi
’ take inversely correlated values accord-

ing to (9). This condition (wi = w) nearly yields mutual increase or
decrease for the effect of current position and global best solution
to the new position. However, q is a random number within the
range (0,1) and is added to the formulation to ensure diversity
and to restrict the effect of global best position to the new position.
On the other hand, the effect of step size on the new position is
reverse due to the usage of wi

’. In (8), u and f(i) are respectively
the mean of fitness values obtained at the first iteration and the fit-
ness value at the ith iteration.

Dynamic weights are determined according to the fitness values
achieved among iterations. As defined in [28], if the fitness of the
best particle is large, wi tends to increase (wi

’;) and the effects of
global best and current positions are enhanced on the new posi-
tion. Contrary to this situation, if the fitness of the best particle is
small, it yields bigger wi

’ values (wi;) and the effect of step size is
raised. The formation of CDW-PSO and GM-CPSO methods are pre-
sented in Fig. 2.
Fig. 2. The formation of CDW-P
3.2. MPPT methods

This subsection gives a detailed overview of TSR, ORB and pro-
posed MPPT methods to allow making a comparison of their
performance.

3.2.1. TSR MPPT method
TSR method aims to keep mechanical power captured from

wind turbine at maximum. Wind turbine’s mechanical power is
as follows [33]:

Pm ¼ 0:5qaACp k;bð Þvw
3 ð10Þ

where qa is air density, A symbolizes the swept area of turbine,
CP(k, b) means the power coefficient of turbine and vw signifies
the wind speed. CP is a nonlinear function and changes only
depending on tip speed ratio (k) in WECS with fixed-pitch angle.
On the other hand, k depends on shaft and wind speeds which
is as follows:

k ¼ Rxm

vw
ð11Þ

where R is the radius of turbine. General formula of CP can be
defined below and CP vs. k characteristic of WT in this paper is as
shown in Fig. 3.
SO and GM-CPSO methods.



Fig. 3. CP vs. k characteristic of WT.
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Cp k;bð Þ ¼ C1
C2
ki
� C3b� C4

� �
e� C5=kið Þ þ C6k

1
ki
¼ 1

kþ0:08b � 0:035
b3þ1

8<
: ð12Þ
3.2.2. ORB MPPT method
ORB method is operated based on the relation between differ-

ent system variables. This relation can usually be based on the
shaft speed vs. power, torque vs. power, rectified DC voltage vs.
power and DC current vs. DC voltage in applications [5,34]. In this
study, the ORB relation is established between the power on the
load and the BC input voltage for efficiency. Definition of this rela-
tion can be made theoretically. If vw is derived from (11) and
replaced into (10), the maximum mechanical power is obtained
as follows [35]:

Pm max ¼ 0:5
qapR

5Cpmax

kopt
3 xm

3 ¼ Kp optxm
3 ð13Þ

From here, taking into account that the losses in the generator
and converter are not constant, the electrical power on the load
can be calculated as below:

PL ¼ ggengconvPm ð14Þ
where, ggen and gconv express the generator and converter efficien-
cies, respectively. Furthermore, if the diode losses in the rectifier
and convergence at low powers are neglected, the linear relation
between rectified voltage VDC and xm is as follows:

VDC ¼ kVxm ð15Þ
where kv symbolizes an approximation constant. Here, PL_max can be
related according to VDC, which is expressed as:

PL max ¼ ggengconvPm ¼ ggengconvKp optxm
3 ¼ ) ¼ KoptVDC opt

3

ð16Þ
In this way, BC input voltage that will ensure maximum electri-

cal power can be determined without using any mechanical sensor.
Herein, optimum coefficient Kopt values can be calculated with
regard to the defined relation but the accurate assignment of these
coefficients seems challenging due to the fact that these vary for
each unique wind speed. However, they are obtained by perform-
ing simulation tests and validations to operate the ORB and to
compare with other approaches.

3.2.3. Hybrid optimization and ORB MPPT method
The drawback of ORB method is the difficulty at the setting of

exact Kopt coefficients. Thus, hybrid optimization technique is han-
dled with the idea that it can offer a solution by determining these
coefficients in order to relate maximum electrical power and DC
voltage. The flowchart of hybrid optimization and ORB MPPT
framework is demonstrated in Figs. 4 and 5, respectively. It is obvi-
ous from Fig. 4 that the algorithm consists of two main parts: 1)
Optimization part, 2) ORB part. In the first part, optimization
method is operated to obtain optimal relation and determine the
VDC voltage, in which the power reaches the maximum value.
The solution of optimization technique offers some advantages
such as no need to know the system parameters and to operate
without a mechanical sensor. Furthermore, maximization is per-
formed with GM-CPSO and CDW-PSO algorithms by keeping the
search space and optimization coefficient constant for each one,
and these are presented in the flowchart. Herein, when all values
are determined, ORB method is operated by switching to the sec-
ond part. When the second part is examined, it can be seen that
a predefined critical power Pth is determined. If a change in the
extracted maximum power during the operation occurs, this algo-
rithm detects a change in the wind speed by tracking power and
the difference at power. Thus, with the consideration that maxi-
mum power can be reached at another reference value, it makes
transitions between optimum coefficients. Then, the operating
point Vref is determined based on this coefficient and transferred
to the controller so that the maximum power can be ensured. If
it remains below the critical level, no changes are made and cur-
rent reference voltage for the same Kopt is transferred to the
controller.
3.3. Fast terminal sliding mode controller

A DC-DC boost converter illustrated in Fig. 1 is used in the
power converter of the WECS. Since the boost converter consists
of diode, inductor, capacitor and power switching element, it is
considerably nonlinear and variable by nature. Successful MPPT
performances with traditional control techniques cannot be
achieved in such a completely nonlinear system [6]. Therefore,
FTSMC is designed as voltage regulator here. Also, this control
method offers fast dynamic response, high stability and robustness
for parametric uncertainties during the operation over a wide
range of wind speed.

To design the fast terminal sliding mode voltage controller, the
behavior model of boost converter is firstly examined, which is as
follows [36,37]:

dVo
dt ¼ u

� IL
C � Vo

RC
dIL
dt ¼ �u

� Vo
L þ Vin

L

IC ¼ u
�
IL � Vo

R

Vin ¼ jVo ; j ¼ 1� df g

8>>>><
>>>>:

ð17Þ

where, u and u
�
are the switching control function and its inverse

logic, respectively. Also, j indicates feedback converter ratio. IDC,
IO and VO respectively denote BC input current, BC output current,
and output voltage.

The controlled system variables are given below [38]:

X1 ¼ Vin opt � Vin

X2 ¼ j Vo
RC þ

R
u
� Vo�Vin

LC dt
� �

X
_

2 ¼ � X2
RC þ u

�
j Vo�Vin optþX1

LC

� �

8>>><
>>>:

ð18Þ

The sliding mode manifold is selected as follows [39]:

s ¼ _X1 þ aX1 þ cX1
p=q ð19Þ

where a and c are independent coefficient of manifold. Also, p and q
are positive odd integer and 0.5 < p/q < 1. If it is defined as h = p/q
and taking the derivate with respect to time, it yields:

_s ¼ €X1 þ a _X1 þ ch X1j jh�1 _X1 ð20Þ



Fig. 4. Optimization part of hybrid framework.

Fig. 5. ORB part of hybrid framework.

Table 1
Specifications for the wind turbine model.

Definition Value

Air density qa = 1.225 kg/m3

Optimal TSR kopt = 8.1
Maximum power coefficient CP_max = 0.48
Pitch angle b = 0
Rotor radius R = 2
The coefficients C1 to C6 C1 = 0.5176 C2 = 116 C3 = 0.4

C4 = 5 C5 = 21 C6 = 0.0068
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By replacing the state equations in (18) into (20), control signal
is solved for _s ¼ 0:

_s ¼ � X2
RC þ uj Vo�Vin optþX1

LC

� �
þ X2 aþ ch X1j jh�1

� �
¼ 0

#ueq ¼ 1þ LC
j Vo�Vin optþX1ð ÞX2 � 1

RC þ aþ ch X1j jh�1
� � ð21Þ

Total control signal ut consists of two parts and is supported by
switching control signal as below:

ut ¼ ueq þ usw; usw ¼ Ksw sign sð Þf g ð22Þ
where Ksw > 0 and sign(.) denotes the signum function. usw tries to
pull the system states to sliding manifold for s(t) – 0 and it is deac-
tivated when the manifold is reached. The total control signal is as
follows:

ut ¼ 1þ LC
j Vo�Vin optþX1ð ÞX2 � 1

RC þ aþ ch X1j jh�1
� �

þKsw sign sð Þ
ð23Þ
4. Simulation results and discussions

This section presents all designs, validation tests and compar-
isons for proposed MPPT frameworks, TSR and ORB method, which
are performed based on Matlab/Simulink simulation environment.
Specifications for the wind turbine, PMSG parameters and BC
parameters are given in Tables 1–3, respectively. Also, specifica-
tions for hybrid optimization algorithms are given in Table 4.
Herein, three particular wind speed scenarios changing in the
range from 6 m/s to 12 m/s are created for a comprehensive anal-
ysis. All MPPT methods are compared with each other in terms of
some criteria such as efficiency, output power, output voltage, BC
input voltage, CP and duty ratio change. Moreover, the changes of
Kopt coefficients for GM-CPSO and ORB MPPT and CDW-PSO and
ORB MPPT methods are presented.



Table 2
PMSG parameters.

Definition Value

Phase number 3
Rotor type Salient-pole
Stator phase resistance 1 X
Armature inductance Ld, Lq = 0.00153H
Inertia, J 0.013 (kg.m2)
Viscous damping, F 0.0425 (N.m.s)
Pole pairs number np 16

Table 3
DC-DC boost converter parameters.

Definition Value

Switching frequency, fsw 5 kHz
Inductor, L 310 mH
Capacitor, C 240 mF
Inductor resistance, RL 0.15 X
Capacitor ESR, RC 0.07 X
Load resistance, R 36 X

Table 4
Specifications for hybrid optimization algorithms.

Definition Value

Population size 20
Maximum iteration 5
Position limitations [Xmin,Xmax] = [50,200]
Velocity limitations [Vmin,Vmax] = 0.2*[Xmin,Xmax]
Dimension 1
Acceleration constants c1 = c2 = 2

Fig. 7. Changes of BC input voltages for test scenario I.
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4.1. Test scenario I

The first scenario, in which the wind speed has step variations
in the same range during the operation period, is indicated in
Fig. 6. In this wind speed profile, the changes in operating voltages
determined by four MPPT methods are shown in Fig. 7. Here, it can
be seen that TSR method is far from the operating voltages found
with the results attained by GM-CPSO and CDW-PSO methods,
especially for high wind speed conditions. In addition, ORB is
slightly closer to these optimal voltages than TSR. However, the
best operating points are obtained based on optimization methods,
and Vin_best & Kopt coefficients for the GM-CPSO and CDW-PSO are
given in Table 5. Obviously, the extracted power provides close
results, and the extracted output power graph is presented in
Fig. 8. One can clearly observe that, GM-CPSO/ CDW-PSO and
ORB MPPT methods yield higher power than ORB method and
TSR method thanks to improvements in the MPPT accuracy,
Fig. 6. Wind speed profile for test scenario I.
namely more accurate and precise determination of the operating
voltage points. For each wind speed, the data of the extracted
power by four MPPT methods are indicated in Table 6. Also, the
efficiency changing for the tested wind speeds is indicated in
Fig. 9. In a similar way, it can be interpreted that the efficiency of
TSR decreases as the wind speeds increase. The reason for this
decrease is that the generator and converter losses are affected
by the operation conditions because of the dependency of genera-
tor speed on wind speed and the losses change accordingly. For this
reason, it cannot be so meaningful to keep CP always at maximum
value. For this wind speed profile, Fig. 10 presents the change of CP
corresponding to operation condition at which maximum power is
achieved. On the other hand, the change of duty ratio generated by
FTSMC MPPT controller is given in Fig. 11. The transitions between
Kopt coefficients determined via optimization methods is also
demonstrated in Fig. 12.
4.2. Test scenario II

To further verify the effectiveness, the second scenario is orga-
nized in the same wind speed range. However, slightly different
from the first scenario, it is arranged as having both sudden steeply
and linear changes with different slopes in the wind speed
(Fig. 13). The performance evaluation of four MPPT methods is dis-
cussed in terms of BC input voltage, extracted output power, CP,
duty ratio and Kopt coefficients determined by optimization meth-
ods. In Fig. 14, the change of BC input voltages determined by
MPPT methods is demonstrated. Besides, the change of output
power extracted from WECS is indicated in Fig. 15. One can readily
observe from Fig. 14 and Fig. 15 that the optimization based MPPT
methods provide superior power extraction than the other meth-
ods. Herein, it can be revealed that the determined reference oper-
ating voltages are kept at the optimal value by improving the MPPT
accuracy with the integration of the optimization methods. Addi-
tionally, TSR that is one of the conventional methods exhibits infe-
rior performance than the others. Meanwhile, the variations of CP
for this wind speed profile are shown in Fig. 16. As seen in here,
CP is successfully kept at 0.48 in TSR method. However, as men-
tioned before, it can be understood from the obtained results that
maximum power cannot be always achieved by keeping CP at max-
imum value, and this deduction can be confirmed with Figs. 15 and
16. The data for the extracted average power, total energy and effi-
ciency during the simulation time for four MPPT methods are given
in Table 7. According to this table, the efficiency of hybrid GM-
CPSO and ORB MPPT method can reach up to nearly 98.66%. On
the other side, the changes of duty ratio produced via FTSMC MPPT
controller is given in Fig. 17. Furthermore, the switching of Kopt

coefficients for two optimization based methods is indicated in
Fig. 18. Based on the switching, the transitions in reference



Table 5
The best values and coefficients obtained by optimization methods.

Vw(m/s) CDW-PSO GM-CPSO

Vin_best (V) KOPT(~) Vin_best (V) KOPT(~)

6 100.3912 6.352159e-04 97.5444 6.921807e-04
7 113.6705 6.807221e-04 114.001 6.742761e-04
8 127.1802 7.087597e-04 126.1652 7.262426e-04
9 137.8511 7.718812e-04 138.5222 7.621728e-04
10 149.9471 7.993639e-04 153.3051 7.493665e-04
11 166.9165 7.493850e-04 164.500 7.840210e-04
12 176.1076 8.037671e-04 175.3568 8.148773e-04

Fig. 8. Changes of output electrical power extracted from WECS for test scenario I. Fig. 9. Change of the efficiency for test scenario I.

Fig. 10. Change of CP values for test scenario I.
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operating voltages can be seen in Fig. 14 and in the meantime, this
affects the duty ratio operation.

4.3. Test scenario III

As the nature of the wind is dynamic and having turbulence, the
last scenario is created to evaluate and compare performance of
four MPPT methods in the random wind speed varying between
7.5 m/s and 12 m/s, which is shown in Fig. 19. This wind speed pro-
file with the medium turbulence has an average value of about
9.86 m/s. Herein, the critical evaluations on BC input voltage,
extracted output power, CP, duty ratio and Kopt coefficients varia-
tions have been made as similar to test scenario I and II. Figs. 20
and 21 demonstrate the changes of the BC input voltage, and the
output electrical power extracted from WECS, respectively. It can
be inferred from here that MPPT accuracy has been improved with
the integration of the optimization methods. Thus, the reference
operating voltages are determined more accurately. This makes a
significant contribution to power extraction from WECS and also,
superior results can be obtained by two optimization based MPPT
methods for this test scenario. Besides, Table 8 provides the
obtained data in terms of efficiency, extracted average power and
total energy for four different MPPT methods. Herein, the efficiency
of hybrid GM-CPSO based ORBMPPT method can reach up to about
98.60%. On the other hand, Fig. 22 indicates changes of the power
Table 6
Comparison of extracted power for MPPT methods for test scenario I.

Vw (m/s) Available Pmax (W) PTSR (W)

6 643 637.6
7 1001 987.2
8 1461 1431
9 2028 1974
10 2703 2607
11 3490 3327
12 4392 4139

Bold data indicates the highest value for each comparison. superior method is highlight
coefficients CP for these four methods and CP is maintained at 0.48
with TSR method. However, as mentioned in the previous sections,
it can be enounced to be better for hybrid GM-CPSO based ORB and
CDW-PSO based ORB MPPT methods because the extracted electri-
cal power reaches their maximum for different values of CP. On the
other hand, the change of duty ratio for each method is presented
in Fig. 23. It can be seen that for these optimization based methods,
duty ratio is maintained in the range of 0.44–0.57 while is gener-
ally ranged between 0.40 and 0.65 for four methods. Also, Fig. 24
PORB (W) PCDW-PSO-ORB (W) PGM-CPSO-ORB (W)

642 642.7 642.1
999.1 999.3 999.8
1456 1458 1458
2018 2022 2024
2687 2694 2699
3463 3485 3490
4351 4390 4389

ed as bold.



Fig. 11. Change of duty ratio for test scenario I.

Fig. 12. Change of the Kopt coefficients for test scenario I.

Fig. 13. Wind speed profile for test scenario II.

Fig. 14. Change of BC input voltages for test scenario II.

Fig. 15. The extracted output power from WECS for test scenario II.

Fig. 16. Change of CP values for test scenario II.
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presents the switching of Kopt coefficients for two optimization
based methods.
5. Conclusion

In this paper, a unified effective framework has been presented
to maximize wind power extraction. This framework consists of
fast terminal sliding mode based MPPT controller and two hybrid
MPPT algorithms combining CDW-PSO and GM-CPSO techniques
diversely with ORB MPPT method that has never been used in a
WECS before. CDW-PSO and GM-CPSO have been used to find
the optimum coefficients by searching the peak value of the max-
imum output power to be extracted. In order to ensure MPPT effi-
ciency, these coefficients must be determined optimally to achieve
the maximum power. After these algorithms generate the opti-
mum coefficients, the framework passes to the second part in
which ORB MPPT method is operated according to these coeffi-
cients. Moreover, this framework offers several advantages and it
does not require any mechanical sensor and prior knowledge of
the system. On the other hand, FTSMC is used to bring the system
to optimum operating point determined by the proposed hybrid
MPPT method. Three particular wind speed scenarios in the simu-
lation environment are created to highlight the promising features
of the proposed MPPT methods. Then, the proposed CDW-PSO
based ORB and GMC-PSO based ORB MPPT methods are compared
with conventional ORB and TSR methods in terms of maximum
output power and MPPT efficiency. The findings of this study indi-
cate that the proposed optimization based methods contribute to
MPPT efficiency and reach superior wind power than the other
conventional methods. Furthermore, the proposed combined
framework has a relatively simple design and can be easily imple-
mented in the actual WECS where system parameters are
unknown. It should also be noted that the optimization manage-



Table 7
Comparison of the extracted powers by MPPT methods for test scenario II.

Available TSR ORB CDW-PSO-ORB GM-CPSO-ORB

Average Power (W) 2902.62 2730.45 2846.98 2863.64 2863.79
Total Energy (W.s) 43539.34 40956.71 42704.74 42954.66 42956.91
Efficiency (%) – 94.0685 98.0831 98.6571 98.6622

Bold data indicates the highest value for each comparison. superior method is highlighted as bold.

Fig. 17. Change of duty ratio for test scenario II.

Fig. 18. Change of Kopt coefficients for test scenario II.

Fig. 19. Random wind speed profile for test scenario III.

Fig. 20. Changes of BC input voltages for test scenario III.

Fig. 21. The extracted output power from WECS for test scenario III.

Table 8
Comparison of the extracted powers by MPPT methods for test scenario III.

Available TSR ORB CDW-PSO-ORB GM-CPSO-ORB

Average Power (W) 2689.98 2547.02 2640.35 2651.13 2652.22
Total Energy (W.s) 80430.39 76155.99 78946.46 79268.80 79301.37
Efficiency (%) – 94.6856 98.1550 98.5558 98.5963

Bold data indicates the highest value for each comparison. superior method is highlighted as bold.

Fig. 22. Change of CP values for test scenario III.
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Fig. 23. Change of duty ratio for test scenario III.

Fig. 24. Change of Kopt coefficients for test scenario III.
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ment is considered as an off-line process in our study. Nonetheless,
the MPPT operation is a completely online process. Since a limited
part of this framework is carried out online, the overall processing
load does not increase significantly. Further work could focus on
different controller design methods and to the optimization of
the parameters of these controllers. Also, we intend to develop
the proposed frameworks and assess them on an experimental sys-
tem in real-time.
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