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ABSTRACT

In this paper, a new maximum power point tracking (MPPT) method based on the Fibonacci search algorithm (FSA) is proposed for the
wind energy conversion system (WECS). The conventional FSA is modified according to the requirements of the WECS to improve its
performance as an MPPT algorithm. The performance of the proposed method is investigated for different wind-speed profiles such as
step-type and stochastically varied wind speed. Also, the modified FSA based MPPT algorithm is compared with the conventional perturb
and observe (CPO) and variable-step PO (VSPO) algorithms. The simulation results approve the superior performance of the proposed
method over the CPO and VSPO in terms of maximum power extracted from the system. The real-time performance of the proposed
method is also investigated for varying wind conditions in the form of step-up and step-down.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035134

I. INTRODUCTION

Energy demand is gradually increasing due to population growth
and the continuous growth needs of economic systems. As global
warming and environmental pollution have been increasing and pos-
ing threats to life in recent years, efforts to produce cleaner energy
without carbon emissions instead of generating energy from fossil fuels
to meet growing energy demand have gradually increased the ten-
dency toward renewable energy sources (RESs). For this reason,
renewable energy sources (RESs) are gaining great importance as alter-
native and accessible energy sources every day. Among renewable
energy sources, wind energy occupies an important place because it
has the potential to produce 200 times more energy than the energy
needed globally.'

Wind energy conversion systems (WECSs) have attracted con-
siderable attention in recent years as the fastest-growing distributed
energy source due to their zero-carbon emission and cost-effective

production among the systems using renewable energy sources. To get
an efficient WECS, the WECS must be effectively controlled despite
the changing wind speed. Therefore, it is necessary to have sufficient
knowledge about the WECSs. The maximum power point tracking
(MPPT) algorithm is required for the WECS to operate at its most
efficient point. For this purpose, researchers have developed a variety
of MPPT methods such as mathematical model-based,” * algorithm-
based,” *” and hybrid-based.”’ > A more detailed examination of
these studies can be summarized as follows.

In Ref. 2, a comparative analysis of the tip speed ratio (TSR) and
the optimal torque (OT) strategies used to utilize maximum wind
power in a WECS is presented. In Ref. 3, a voltage-mode second order
sliding mode controller (SO-SMC) is proposed to obtain maximum
power from the WECS. In Ref. 4, a SO-SMC and a second-order fast
terminal SMC are proposed for achieving the maximum wind power
and reducing the mechanical stresses. In Ref. 5, an observer-based
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finite-time controller is proposed, which is compared with a traditional
asymptotic convergent controller. In Ref. 26, the efficiency of the TSR-
MPPT method in the WECS was increased by using an integral SMC,
which is compared to the conventional SMC. In Ref. 27, a new design
of the double integral SMC for switching the boost converter as a
mechanical sensorless MPPT method in the WECS is presented,
which is compared to the conventional SMC. In Ref. 8, a new
decoupled proportional and integral (PI) current controller, developed
using the combination of feedback linearization and disturbance
observer-based control techniques, is designed to increase the nominal
transient performance of the PI controller under model uncertainty.
In Ref. 9, an experimental comparative analysis of the MPPT methods
such as perturb and observe (PO) and incremental conductance (IC)
is presented. In Refs. 10-13, the problems in conventional PO (CPO)
algorithms are solved by newly proposed MPPT algorithms such as a
performance-improved adaptive PO, a hybrid PO, and a modified PO.
In Ref. 14, the comparative analysis of algorithm-based MPPT meth-
ods such as PO, IC, and particle swarm optimization (PSO) is per-
formed. In Ref. 15, a neural network tuned controller using a radial
basis function-based neural network as a MPPT method has been pro-
posed. In Ref. 16, a new adaptive PO algorithm is proposed as an
MPPT control method to capture maximum power from the WECS.
In Ref. 17, the comparative analysis of PO and IC algorithms used for
MPPT is presented. In Ref. 18, a three-level boost converter topology
is chosen instead of the traditional boost converter in the WECS.
Comparative analysis of MPPT methods such as the PO algorithm
and a fuzzy logic controller (FLC) used as the switching method of a
three-level boost converter is presented. In Ref. 19, an optimal FLC-
based MPPT inverter is developed to maximize energy efficiency in a
grid-connected WECS. In Ref. 20, an artificially intelligent technique
based on the FLC is proposed to develop MPPT and is compared with
traditional MPPT methods. In Ref. 21, a model predictive control is
proposed to overcome the problem of the CPO method. In Ref. 22, a
hybrid MPPT strategy based on an improved extreme learning
machine with the Bat Algorithm is proposed to estimate the wind
speed in a WECS operating parallel to the grid. In Ref. 23, comparative
analysis and simulation of three MPPT control methods such as a PI
controller, a Fuzzy-PI, and an adaptive FLC-PI controller are shown.
In Ref. 24, adaptive Type-1 and Type-2 fuzzy logic fractional propor-
tional and integral (PI) controllers are designed for the permanent
magnet synchronous generator (PMSG)-based WECS. In Ref. 25, a
new fast terminal SMC based MPPT controller and a new hybrid
MPPT method combining chaotic-based PSO derivatives with an opti-
mal relation-based method are proposed. In Ref. 28, an artificial neural
network and a particle swarm optimization based observer were devel-
oped for wind speed prediction. Also, a direct adaptive fuzzy-PI con-
troller was used as a TSR based MPPT controller.

Among the MPPT methods, main methods such as mathematical
model-based tip speed ratio (TSR), power signal feedback (PSF), and
optimal torque (OT) have a fast response because they have the speed
knowledge.” Despite this advantage, they suffer from more complex
structures and increased system costs due to the need for additional
measurements. On the other hand, algorithm-based methods such as
perturb and observe (PO), hill climb search (HCS), and incremental
conductance (IC) are the most prominent MPPT methods in the liter-
ature. The main advantages of these methods are that they require few
measurements and have a relatively simple structure. Power oscillation
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around the MPP due to trial and error process is one of the main
problems of these methods. Besides, the selection of the optimal step
size in terms of the speed of reaching the MPP point and system effi-
ciency is another important task that must be overcome in the use of
these algorithms. Many researchers contributed to the development of
WECSs by presenting valuable studies to the literature to overcome
these problems.

The Fibonacci search algorithm (FSA) is a one-dimensional
search algorithm with high computational efficiency since it uses vari-
able step size and symmetrical step length.”””" In Ref. 32, Miyatake
et al. proposed a FSA based MPPT method for the photovoltaic (PV)
systems, which features simplicity in computations and fast conver-
gence. Miyatake et al. modified and developed the FSA based MPPT
for partially shaded photovoltaic systems by changing the search range
with a new function in Refs. 33 and 34. In Ref. 35, Ramaprabha et al.
modified the FSA by shifting the search range to find the global MPP
for the partial shade solar PV array. In Ref. 36, an MPPT method for
solar PV systems using fuzzy controls with a modified FSA is offered.
In Ref. 37, a modified FSA is developed considering different environ-
mental irradiation effects for PV systems. MPPT methods based on
the FSA, which have advantages such as structural simplicity and fast
convergence, have been examined in various studies for PV systems,
and their performance superiority has been shown. In Ref. 38, a modi-
fied FSA is successfully tested on a PV system during non-uniform
and rapidly changing irradiation conditions.

The satisfactory performance of the MPPT methods based on the
FSA in PV systems and the fact that this method has not yet been
examined in the WECS has motivated this study. Since there is no
available study in the literature investigating the FSA performance in
the WECS, the authors have seen it valuable to analyze the FSA as a
new MPPT method for the WECS.

The main contribution of this study can be summarized as
follows:

(1) A new MPPT method based on the modified Fibonacci search
algorithm (FSA-MPPT) is developed.

(2) The general drawbacks of the algorithm-based MPPT methods
such as incorrect control laws for rapidly changing wind speed,
choice of step size, and oscillation around the maximum power
are being eliminated.

(3) To improve the performance of the proposed MPPT algorithm,
the traditional FSA is modified with the ability to detect the wind
variation and dynamic search range depending on wind speed.

(4) The performance of the offered method is investigated with the
step-type and realistic wind speed profiles. Also, the proposed
method is compared under the same conditions as conventional
PO (CPO) and variable step PO (VSPO) widely used in the
literature.

(5) The real-time performance of the offered method is also investi-
gated. The experiments carried out for varying wind conditions
in the form of step-up and step-down have confirmed the supe-
riority of the proposed algorithm.

Il. WECS CONFIGURATION

The WECS used in this paper as given in Fig. 1 consists of a wind
turbine, a generator, a power converter, and load. It may have different
topologies according to the generator and power converter unit used.
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FIG. 1. WECS topology for this paper.

A. Wind Turbine

The mechanical power generated by the wind turbine (P,,) can
be given as

P, = 0.5pAcy(4, B) V., @)

where V,, is the wind speed, p is the air density, A is the swept area by
the blades, ¢, is the performance coefficient of the turbine, 4 is the tip
speed ratio, and f8 is the blade angle (0 for the MPPT region). The c,
equation used in this paper is given as follows:”

Cp(/L B)=oa (;_2 —af - 64) e Glh 4 Co/

1 0.035 @

240088 p+1

where in this study coefficients are used as ¢;=0.5176, c,=116,
¢3=04, c,=5, cs=21,and cs=0.0068 and = 0.”"

¢, will be at its maximum value when the maximum power is
extracted from the turbine. Therefore, ¢, can be used as an indicator of
the performance of the MPPT algorithm. ¢4y is only possible when
the tip speed ratio (1) is kept at its optimal value. / can be expressed as
follows:

i =

Rw,,

V'
where R and w,,, are the radius and angular speed of the wind turbine,
respectively. The optimal value of A (/) is calculated as 4, = 8.1 by
differentiating (2) with respect to 2.7 It can be concluded from (4)
that the MPPT can be assured only by changing the rotational speed
for a constant wind speed as follows:

Dm—opt = ;LoptVW/R~ (4)

Also, it can be said from (2) and (4) that w,, will be changed according
to the variation in wind speed.

2=

3)

B. Generator, power converter, and load

The permanent magnet synchronous generator (PMSG) is one of
the most used generator types in small-sized and medium-sized

WECSs although the various types of generators are used in the
WECS."”"" The dynamic voltage equations of the PMSG in the d-q
reference frames can be written as*’

) dig )
Vi = —Riig — de— + w,Lyig, (5)
Vy = —Riiy — 14 w,Lgig + el (6)

d

where Vg, Vi, 1 ig Ly and L, are two-axis machine voltages, currents,
and inductances, R; is the machine resistance per phase, 4, is the
amplitude of the flux linkages provided by the permanent magnet, and
W, = pwy, is the electrical angular velocity, where p is pole pairs. The
electromagnetic torque of the PMSG excited by the wind turbine can
be written as follows:

Ty = 1.5p[(La — Lg)igia — Zmig).- )

The output voltage of the PMSG is rectified by an uncontrolled-
rectifier. The boost converter is used at the output of the rectifier
because of some advantages such as lower cost, higher reliability, and
easier control capability.””** The output of the boost converter is con-
nected to a constant resistive load because this paper is mainly focused
on an MPPT study.

To get maximum power from the wind, the output load can be
changed by modulating the duty ratio (D) of the switching device of
the boost converter. The MPPT methods rely on matching the load.
For this purpose, the input resistance should be changed because of
the constant load resistance. The apparent input resistance of the boost
converter (R;) can be given as follows:*

R; ~ (1 — D)’ Ripa, ®)

where D and Ry, are the duty ratio and load resistance, respectively.
In light of this knowledge, it can be said easily that the rotational speed
of the turbine can be set via the D. When D is increased, R; will reduce,
and thereby, the generator current will increase.*” Eventually, the brak-
ing electromagnetic torque (T;) induced by the generator will increase.
Including J, F, and T,,,, which are the overall inertia of the system, vis-
cous friction, and turbine torque, the dynamic equation of the wind
turbine can be expressed as follows:
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TmeLwam:]d;U—tm. ()
It is concluded from (9) that the increment in T} causes a reduction in
the angular speed of the wind turbine. It can be said by repeating the
same analysis that the reduction of D will cause an increment in the
angular speed of the wind turbine.

The WECS parameters are given in Table I for this paper. PMSG
parameters used in simulation studies are taken from Ref. 47. Wind
turbine and boost converter parameters are determined by taking into
consideration the PMSG parameters such as power, voltage, torque,
and speed.

In the steady-state state, the relationship between the output
voltage (V}), the input voltage (V,), and the output current (Ir), the
input current (I;.) of the boost-converter can be expressed as follows: "

Vie

(1-D)’ (10)
Ip = I.(1 — D).

Vo =

In general, there are three main parameters to be determined by the
designer in the boost converter (BC) design, switching frequency (£;),
inductance (L), and capacitance (C). For BC to operate in continuous-
current-mode, L should be selected such that L > L, where the L,
value is calculated as follows: "

_ DRigaa(1 — D)’

L 11
k o, 1mn)
Similarly, C is determined as follows:
D
C=o—5 7 (12)
Ryoad A V()f:

where AVj is the band of the output voltage ripple. More detailed
information for BC is given in Ref. 48.

11l. STUDIES ON USED MPPT ALGORITHMS

The proposed FSA based MPPT method for the WECS has been
compared with the CPO and VSPO based MPPT algorithms, which

TABLE I. The WECS parameters used in this paper.

Description Parameter Nominal value
Boost converter Capacitance C 1500 uF
Inductance L 44 mH
Inductor resistance L 0.15Q
Load resistance Rioad 150 Q
Switching frequency fs 5 kHz
PMSG Inertia J 0.013 kg m*
Friction factor F 0.0425N ms
Armature inductance L, 0.000835 H
Stator resistance R, 5Q
Pole pairs P 8
Wind turbine Nominal power P 22 kW
Nominal wind speed ~ Vy_nom 12 m/s
Base rotational speed W, pase 462/322
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are widely used in the literature. The methods used are briefly intro-
duced below.

A. CPO and VSPO algorithm based MPPT methods

In this study, the CPO and VSPO are used to compare the perfor-
mance of the proposed MPPT algorithm. Since there are many stud-
ies*”” in the literature examining PO and VSPO based algorithms, it
will be briefly mentioned here. In generally, CPO based MPPT algo-
rithms require neither generator nor turbine parameters for the realiza-
tion. Basically, the CPO based MPPT algorithm depends on introducing
a small perturbation to the control variable and observing the extracted
power variation until the power slope is zero. However, choosing the
optimum step size in CPO in terms of time to reach the MPP and oscilla-
tions around MPP is a challenging task. Small step size has disadvantages
such as slower convergence to MPP and high transient power losses. The
larger step size provides a faster convergence but suffers from oscillations
around the MPP, which reduces the overall system efficiency. VSPO
algorithms that can be classified as the modified and adaptive PO algo-
rithms offer solutions to the specified problems of CPO.*””"

In Fig. 2, the turbine power characteristics for different wind
speed are presented. Assume that the system is operated at 1. When
the wind speed changed from 8.4 m/s to 12 m/s, the WECS will go to
2. The mechanical power and rotational speed of the wind turbine will
increase. To get maximum power, the duty ratio should increase at
each sample time until the MPP. Therefore, the system will go to 3.
After that, the wind speed decreases 9.6. It means that the system is
now at 4. The mechanical power and rotational speed of the wind tur-
bine will also decrease at this point. The duty ratio should decrease to
bring the system from 4 to 5. The main working cycle of the CPO and
VSPO can be summarized as that for this paper.

The flow chart of the VSPO used in simulation studies is given in
Fig. 3. Unlike the CPO, the VSPO method uses three different duty
ratios D;, D,, and Ds to get faster MPPT. To avoid oscillations around
the MPP and achieve better efficiency, the system will be operated at its
optimum value where the maximum power is attained in both methods
when MPPT is satisfied. If a sudden change in the power value larger
than a specified P,,,;, is detected, which means wind speed changed, the
algorithm will start the same procedure to track a new MPP.

Turbine Power Characteristics (Pitch angle, =0 deg)

ol _____ Max_powerat base wind speed (12mis)___
12mis -

08

0.6

Turbine output power (pu)

0 . N . : "
0.2 0.4 0.6 0.8 1 1.2 14
Turbine speed (pu)

FIG. 2. Turbine power characteristics for different wind speeds.
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P3, P3, D1, D,, Ds
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™| calculate AP=P(k)-P(k-1)

D(k+1)=D(k)-D; |

FIG. 3. The flow chart of the VSPO.

B. Fibonacci search algorithm based MPPT method

The FSA is an algorithm relying on the strategy of shifting and
restricting the search interval to find the minimum or maximum value
of a unimodal function. The shifting direction of the algorithm is
specified by evaluating the function at two experiment points. The
experimental points are calculated based on the numbers from the

initial | Da * 3 i
State . d; d, '
If P(dy)<P(d) ‘
Dia=d; Ds
(1) — e |
d3=d2  d, (new)
Possible If P(d,)>P(d,)
conditions -
according to ) D.A v Dw_
P(d:), P(d2) J dstrew)  dy=d; 3
If P(d;)=P(dy) |
Du=d, Dg=d,
(3) }

AAAAAAA d; dg

(new)

FIG. 4. The FSA search process for maximum.
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Set the initial parameters,{j=2, n, D4, Dg,..}

Dpy=Dp - Dy
D=Dpa(F(n-2)/F(n))

d;=Dg-D;
d>,=D,+D,

N

d;=Dg-D;
dZZDA +Dt

Measure p(d,) and P(d,) |

Da=d;. Dg=d,
=i+l

D=Dgy(F(n-j)/F(n-j+2))

J=j+1, iter=iter+1

Measure P(d,,)
Calculate AP

‘Pout :’Ptol

FIG. 5. The flow chart of the proposed FSA.
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Fibonacci sequence. The Fibonacci sequence used in the search
algorithm can be defined as follows:”'

F:[F07 F17F27-"7FV1—27 Fﬂ—laFn]a (13)

where F, i=0, 1, ..., n are the Fibonacci numbers and n is the
maximum experiment number tested in the algorithm. The Fibonacci
numbers are generated as follows:

Fo=F =1,
Fk:kal"_kaZa k:2337"'7n7

(14)

where F} is the kth Fibonacci number.

Considering the WECS given in Fig. 1, a schematic is given in
Fig. 4 to explain the search process of the Fibonacci algorithm easily,
where D, and Dp are the lower and upper limits of the duty cycle and
d;, dy, ds, and d, are the experiment points where the power value cap-
tured from the system is measured.

The initial experiment points of the output powers, d; and d,, are
calculated as follows:

ARTICLE scitation.org/journalirse

Fn—2

)(DB—DA), dZ:DB—<F

n

F,_
d1:DA+(;2

n

) (DB - DA)a
(15)

where F,, and F,, , are given in (13). After the search interval (D4 or/
and D) is updated according to the relationship between P(d;) and
P(d,), the subsequent experiment points for output power are calcu-
lated as follows:

F,_:
4 =Dy + (F j )(DB—DA),
n—j+2
' (16)
d, = Dy — ( i )(DB —Dy),
n—j+2

where j represents a variable with an initial value of j = 2 in the FSA.
As shown in Figs. 4 and 5, in the case of P(d;) # P(d,), only one
of d; or d, will be calculated as a new experiment point, while the other
will always be equal to the previous d; or d, depending on the narrow-
ing direction. In the case of P(d;) = P(d,), both d; and d, are formed

12 12
- - — = _I —-— -
é 10 B g
z z
> s _L > s
I L I -
0 5 10 15 20 0 5 10 15 20
F‘l‘? r T v ¥ Ir"‘r' T L
0.4F ! —r 7 L 0.4 ' L .
203 oao.s
0.2 0.2
0.1 cp_CPO-MPPT 0.1 cp_VSPO-MPPT
0 cpmax 0 cpmax
0 5 10 15 20 0 5 10 15 20
1500 1500
£ 10007 Z 10007
s (M [ E [
2’ 500 \. o’ 500 \
— Pout_CPO-MPPT Pout_VSPO-MPPT
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W ARE AW LN W AT |- S 7 l\fm [
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Time (s) Time (s)
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FIG. 6. Performances of the (a) CPO based MPPT and (b) VSPO based MPPT.
13, 013304-6

J. Renewable Sustainable Energy 13, 013304 (2021); doi: 10.1063/5.0035134
Published under license by AIP Publishing


https://scitation.org/journal/rse

Journal of Renewable
and Sustainable Energy

121 I 7

(m/s)
3

V
w

o
o
=i
o

0.3 .

o
0.2

0.1f e cp_F-MPPT
cpmax

T

1500

000 M
SIS YL

e Pout_F-MPPT
or Pmax

Pout W)

T

o
w
3

Duty Cycle
o

o
-
|
|
|

o
o
o

Offset=0 Time (s)

FIG. 7. Performances of the FSA based MPPT.

as new experiment points. The total number of experiments should be

determined from (17) before running the algorithm,

L, 1
Ly F,’

where Ly is the initial uncertainty interval, L, is the uncertainty inter-
val after n experiments, and F,, is the last number in the Fibonacci

sequence in (13).

TABLE II. The comparison between the methods for Scenario 1.

15 20

0 5 10 15 20

0 5 10 15 20

10 15 20

17)
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The flow chart of the FSA based MPPT method is given in Fig. 5
in detail.

IV. SIMULATION AND EXPERIMENTAL RESULTS
AND DISCUSSION

In simulation studies for a fair comparison between the methods,
for each one,

(1) The oscillations around the MPPT have been prevented.

(2) The same sample time has been used. The sampling time to run
the algorithms can be determined by considering the general
time constant value obtained from the step-response of the
open-loop system. In simulation studies, the sampling time for
all 3 algorithms is taken as T'= 50 ms.

(3) For detecting the wind speed changing, the same threshold
value for output power has been used.

Also, all methods are optimized in terms of the iteration number
or step size of the duty cycle. The simulation studies have been realized
for two different wind profiles as follows.

A. Scenario1

As a first scenario, the wind speed is changed as a step-type func-
tion in the range 7-12 m/s. The simulation studies have been realized
for the same wind speed profile for all investigated methods. During
the 20-s simulation period, many different wind speed changes are
used as possible. The performance coefficient, output power, and duty
cycle are given to compare the performance of the methods. The ¢, for
the CPO given in Fig. 6(a) deviates from its maximum value for three
times at 1.5th, 10th, and 15th seconds. However, the output power
given in Fig. 6(a) deviates from its reference value only one time at the
10th second. There is not a conflict in this situation for the WECS
because it is known that there are situations where the maximum value
of mechanical power may not cross with the maximum electrical out-
put power.45

The ¢, for the VSPO given in Fig. 6(b) deviates from its maxi-
mum value for five times at 1.5th, 7th, 14th, 15th, and 16th seconds.
However, the output power given in Fig. 6(b) deviates only one time
from its reference value at the 16th second but less than CPO.

For the same wind profile, the performances of the FSA based
MPPT method are given in Fig. 7. According to the changing wind
speed, the cp value deviates two times in the 6th and 19th seconds.
The output power almost does not deviate from the reference value.
The variation of the duty cycle is different from the one that occurs in
CPO and VSPO due to the natural structure of the FSA.

For clarity, the ¢, and P, values are averaged during the simula-
tion period for all methods investigated, and the results are presented
in Table II. The proposed method has the best performance in terms
of ¢, and P, Another important point is that the average value of

Performance criteria CPO VSPO Proposed FSA Available maximum values
Average of ¢, 0.4751 0.4722 0.4756 0.48

Average of P, (W) 933.3 933.7 935.5 947.2

Efficiency % 98.53 98.57 98.76
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FIG. 8. The applied wind speed for Scenario 2.

P, for VSPO is greater than what CPO provides although the average
value of ¢, for CPO is larger than that for VSPO. It is pointed out
before that the maximum value of the mechanical power cannot be
the same as the maximum value of output power.

B. Scenario 2

Although the wind speed is changed as a step function in
Scenario 1, the real-time wind speed may have a more complex profile
as given in Fig. 8. The performance of the investigated MPPT algo-
rithms in the case of the stochastic wind profile given in Fig. 8 is given
in Fig. 9 in terms of ¢, and P, In the case of Scenario 2, the differ-
ences between the performances of the investigated methods are seen
more clearly. Although the superior performance of the proposed
method over the CPO and VSPO can be seen clearly from Fig. 9, the
average values of ¢, and P, are also given in Table III to make a con-
crete comparison. In terms of the average power extracted from the
system in a 45s run time, the recommended method reached a value
of 21.1W greater than VSPO and 109W greater than CPO.
Considering the efficiency value, the proposed method can provide
11.41% and 2.2% more energy than CPO and VSPO, respectively.

While the three methods have similar performance in step-type
wind changes, the superior performance of the proposed method in
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the randomly changing wind profile is clearly seen from the efficiency
values given in Tables IT and I11.

C. Experimental studies

The real-time performance of the offered method is also investi-
gated experimentally for various wind conditions using the test-setup
given in Fig. 10. For detailed information about the test bench, it can
be examined in Refs. 52 and 53. As explained above, although the
instantaneous value of ¢, varies depending on the wind speed and load
value, it reaches a maximum value (c,.,4x) When the system operates
at the optimum point. In the first experiment, as given in Fig. 11, wind
with a constant speed of V=9 m/s is applied at t = t, to show the vari-
ation of ¢, without the MPPT algorithm and the FSA is not operated
until t=t,,. As seen from Fig. 11, the ¢, value momentarily attains its
maximum value at ¢ = t, as the system will pass through the optimum
point before it reaches a steady-state. However, since the MPPT algo-
rithm is off, the system could not reach the MPP, and thus, ¢
remained far from the ¢y, value in steady-state operation as shown
in Fig. 11. Then, when the FSA is activated at t=t,,, the MPP is
started to be searched as explained in Sec. III B. The results given in
Fig. 11 show how the algorithm progresses toward the MPP.

In Fig. 12, the wind speed has been changed from 8 to 10 m/s in
the step-type, while the system is at the MPP. The algorithm has been
started to search for a new MPP, and the MPPT has been attained
effectively with five steps.

As the third experiment, the wind speed has been changed from
8 to 9 and then 10 m/s as shown in Fig. 13. It is clear from Fig. 13 that
the FSA attains the MPPs each wind speed. The performance of the
proposed FSA has also been examined for the step-down wind varia-
tion as in Fig. 14 and for step-up and step-down wind variations as in
Fig. 15.

The results of the experimental studies given above show that the
proposed FSA based MPPT algorithm can attain the MPP effectively
when the wind speed is changed in step-up and/or step-down form.

V. CONCLUSION

In this paper, a new MPPT method based on the modified FSA
has been proposed for the PMSG-based WECS. The general draw-
backs of the algorithm-based MPPT methods such as incorrect control

Output Power (W)
3
8
T

600

CPO-MPPT

VSPO-MPPT

F-MPPT

0 5 10 15 20 25 30 35 40 45
Time (s)

(b)

FIG. 9. (a) ¢, and (b) P, performances of the methods for Scenario 2.

J. Renewable Sustainable Energy 13, 013304 (2021); doi: 10.1063/5.0035134
Published under license by AIP Publishing

13, 013304-8


https://scitation.org/journal/rse

Journal of Renewable
and Sustainable Energy

TABLE lIl. The comparison between the methods for Scenario 2.
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Available
Proposed  maximum
Performance criteria CPO VSPO FSA values
Average of ¢, 0.4384 04710 0.4750 0.48
Average of P,,,; (W) 836.5 924.4 945.5 955.3
Efficiency % 87.56 96.77 98.97

FIG. 10. Picture of the designed test-setup. 1—Induction motor (IM) driver, 2—IM
and PMSG, 3—rectifier and boost converter, 4—controller and digital-analog con-
verter (DAC) cards, 5—resistive load, and 6—power supply for the IGBT driver and
DAC card.
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FIG. 12. Experimental results for V,, =8 to 10 m/s.

laws for rapidly changing wind speed, choice of step size, and oscilla-
tion around the maximum power are being eliminated via the pro-
posed MPPT algorithm. The performance of the proposed method
has been proved with the simulation studies for different wind speeds
and stochastic wind speed profiles. Also, the FSA based MPPT method
has been compared with the CPO and the VSPO based MPPT meth-
ods. The simulation results have approved the superior performance
of the proposed method over the CPO and VSPO in terms of the
maximum power extracted from the system, namely, efficiency of the
WECS. In addition, the real-time experiments carried out for varying
wind conditions in the step-up and step-down forms have confirmed
that the proposed FSA based algorithm can attain the MPP effectively.
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FIG. 11. Experimental results for V,, =9 m/s. FIG. 13. V,, changed from 8 to 9 and then 10 m/s.
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FIG. 15. V,, changed from 8 to 10 and then 8 m/s.
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