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“Performance Improvement for Small-Scale Wind Turbine System Based on Maximum Power
Point Tracking Control”

The Review Paper describes a strategy for improving the performance of small scale wind turbine using maximum power
point tracking control. The Matlab software was used to simulate the wind turbine system and MPPT is used based on the
modified Perturb and Observe method. They showed that PO-based MPPT has successfully improved the performance of
wind turbine systems. Authors need to clearly identify their novelty and objective of their study. Also a validation is required
to show that their method works properly.

Major Comments:
1. A careful English correction is necessary. There are lots of typo and grammar errors such as ohms—> Ohms, generate >

generates, etc.

2. Abstract needs to be modified and is too lengthy. Most of the sentences, lines 14-16, in the abstract should be moved to
the introduction and background sections.

3. Authors need to clearly identify their objectives and novelty of their work. What is the advantage of their study compared
to previous studies?

4. Fig.1: Authors need to change the figure 1 with the higher quality figure. Lines are not smooth and the fonts of legend
and title of axes are not good. Totally the format of all figures should be modified.

5. How the authors are sure that their Simulink method and their MPPT method work correctly? Is there any method to
validate your data?
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Manuscript ID : energies-575131

Type of manuscript  : Article

Title : Performance Improvement for Small-Scale Wind Turbine System Based
on Maximum Power Point Tracking Control

Authors : Ramadoni Syahputra *, Indah Soesanti

Abstract: This paper proposes a strategy for performance improvement of small-scale wind
turbine systems using maximum power point tracking control (MPPT). In this study, wind
turbine systems which use permanent magnet synchronous generators and converter devices
are modeled in Simulink-Matlab software. In order to increase the power generated, MPPT is
used based on the extended Perturb and Observe (PO) method. This algorithm has the ability to
improve the speed of the turbine without oscillation. To analyze the ability of the PO-based
MPPT in maximizing output power, performance examination of wind turbine systems in
Simulink-Matlab software were conducted. The study is carried out with a 3000W wind turbine
device serving various electrical loads of 5002, 1002, 200€2, and 300€2, and each Ohm varies with
a wind speed of 4, 5, 6.5, 7, 8.5, 9, and 10m/s. The overall turbine system performance found
that the maximum increase in system output power occurs when it is loaded with 200Q with a
wind speed of 6.5m/s. During this combination of 200Q2 and 6.5m/s, there are high increments of
output power at 135.62%, caused by the installation of MPPT controllers, with an average output
power increase of 50.77%. The results of this study proved that PO-based MPPT has successfully
improved the performance of wind turbine systems.



Response to Reviewer 1 Comments

Dear Reviewers,

The authors would like to thank the reviewers for the careful reading of the paper and the constructive
comments. In light of the reviewers’ observations, we have introduced some modifications to improve
our paper in this round of revisions.

All changes in the body of the paper have been highlighted on yellow color.

Best regards,
Dr. Ramadoni Syahputra et al.

Response to Reviewer 1 Comments
Comments and Suggestions for Authors:

Point 1: When possible try to reduce the use of acronyms. If anyone not completely familiarized
with the field tries to go through the paper, they could feel overwhelmed by the amount
of acronyms that they are not familiar with.

Response 1 from Authors:
Dear reviewer, we want to thank you for taking your time to review our paper as well as for given
us useful comments for improving its quality for a possible reconsideration in "Energies”.

Regarding the use of the acronym, we agree with the reviewer's suggestion. Indeed, in our article,
some acronyms often appear, for example, MPPT, PO, and PMSG. Actually, at the beginning of
the emergence of the acronyms are always accompanied by their meaning. Because in the
beginning the meaning has been given, then the next is only an acronym. However, on the advice
of this very valuable reviewer, we added the Abbreviations Lists table in the Appendix, as shown
below.

Line 1217-1235:

Appendix
Table A1l. Abbreviations Lists

Abbreviation Meaning
AC Alternating Current

DC Direct Current

EMF Electro-Motive Force

FLC Fuzzy Logic Controller




GW
MPPT
PMSG
PO
PWM
RC

G
Cs

S

= > 8

Giga Watts

Maximum Power Point Tracking

Permanent Magnet Synchronous Generator

Perturb and Observe

Pulse Width Modulation

Resistance-Capacitance

the area of cross-sectional coverage, in m?

the coefficient of electric power of the wind turbine system

Snubber capacitance

electric currents, in amperes
the electric power of the wind turbine system, in watts

Snubber resistance

the torque of generator, in Nm
electric voltages, in volts

forward voltage, in volts

wind velocity, in m/s

rotational speed of the rotor, in rad/s
the ratio of tip speed

the mass density of the air type, in kg/m3
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Response 2 from Authors:
Thank you for the valuable comments.
Because of the addition of figures in Figure 4, the sequential numbers of the following pictures

increase 1. Thus, the sequence number of Figure 6 changes to Figure 7.
We have revised Figure 7 so that it becomes more precise and more comfortable to read, The

revised result of Figure 7 is shown below.
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Point 2: Increase the font size on Figure 6, make it a bigger diagram if needed, but as it is now it is
very hard to interpret the different items.

Inverter

We have also revised another Figures to make it easier for readers, as shown below.
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V-l
Measurement

Figure 7. Wind turbine circuit diagram system with MPPT in the Simulink-Matlab software
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Figure 12. Wind turbine system without MPPT in Simulink-Matlab software
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Point 3: Please emphasize a bit more on the novelty of the maximum power point tracking control
algorithm used.

Response 3 from Authors:
Thank you for the valuable comments.
We have added the novelty of the maximum power point tracking control algorithm used in the
Introduction section of the last paragraph, as shown below.
Line 102-118:

The objective of this study is to improve the performance of generators in wind power plants so that
the power generated is always maximum. The technique used is the control strategy using the Maximum
Power Point Tracking (MPPT) controller. In this MPPT, a control method is applied, namely the extended
Perturb and Observe (PO) method. The Perturb and Observe (PO) based MPPT algorithm has been widely
used in searching for maximum power values [17] due to its simplicity. Furthermore, the use of PO does
not require wind speed information and turbine parameters, it is faster and more efficient in searching the
maximum point of power. However, it has the disadvantage of producing oscillations under steady state
conditions due to constant duty cycle changes. Therefore, modifications were made in the study, combining
the PO and predictive method. Both methods work alternately according to current and voltage conditions
on the input side of the converter. Predictive methods are used to determine the magnitude of step changes
in the PO algorithm, the larger the voltage, the larger the step size used and vice versa. The combination of
the PO and predictive method applied to the MPPT technique for optimizing the generator output power
of wind power systems is the novelty of this research. The method used in the MPPT is the extended PO
algorithm. The algorithm contains the foundations of standard PO, with changes to the step size value of
each iteration according to the response of the system based on the predefined C constant. The modification
of the method is resulting in faster convergence of the computation.

Point 4: Include a better description of the similarities and differences of the selected control
approach with other standard methods.

Response 4 from Authors:
Thank you for the valuable comments.
We have added an explanation of the standard perturb and observe control algorithm. This
explanation is complemented by a flowchart so that the similarities and differences in the
extended perturb and observe methods used in this study can be seen (Figure 5), and the standard
perturb and observe methods (Figure 4), as shown below.
Line 250-296:

The PO algorithm can be used to determine the optimum point of a system [17]. In this study, the
optimum point is the maximum power value that a PMSG generator can achieve in a wind turbine system.
The maximum power value is obtained by adjusting the dc voltage on the generator side converter, which
in turn changes the output power. To monitor and manage these changes, a certain step-size (AD) and
time needs to be specified: that is the output power generated compared to previous electrical power, so
that the power changes (AP) and the next variable AD can be determined. If the generated power increases,
then the variable AD will be fixed, if it decreases then the AD will change. The working principle of this
extended PO algorithm can be seen in the flow chart in Figure 4 and Figure 5, with several parameters in




the initial value to calculate the change of step size value in each iteration done. Furthermore, it is
necessary to identify the limit duty cycle in running this algorithm to maintain the ability of the buck
converter. Figure 4 shows the standard PO method, while Figure 5 shows the extended PO method used
in this study.

Start

v
Input the data:
V(n) and I(n)

'

P(n) = V(n)*I(n)

v

AV =V(n) - V(n-1)
AP =P(n) - P(n-1)

P(n-1) =P(n)
V(n-1) = V(n)

Figure 4. Flow chart of standard perturb and observe algorithm

Based on the analysis and literature study, the standard version of the PO algorithm (Figure 4) has
disadvantages, including the time taken to reach a relatively slow convergence and high oscillation in
maximum power search. However, this weakness can be overcome by changing the value of AD used to
find the maximum point value of power generated, where the quantity of AD will be multiplied by a
constant value of 0-1. When the system has reached the maximum power point then AD automatically
decrease. The working principle of the extended PO algorithm can be seen in Figure 5.

The benefits of developing this PO algorithm include eliminating oscillation problems which occur
due to fluctuations in power when it reaches maximum value. With the modification of the algorithm, this
is expected to decrease due to the change of the value of AD, resulting in faster convergence of the
computation.




Input the data:
V(n) and I(n)

P(n) = V(n)*I(n)

-

AV =V(n) - V(n-1)
AP =P(n) - P(n-1)

AD = AD*C

P(n-1)= P(n)
V(n-1) = V(n)

Figure 5. Flow chart of extended perturb and observe algorithm

Point 5: In the conclusions the authors summarize the benefits obtained with their approach, but
a brief summary of the reasons (improved methodology) to reach that enhanced
performance will be very valuable for the reader.

Response 5 from Authors:
Thank you for the valuable comments.
We have revised the Conclusions according to the reviewers' comments, as shown below.
Line 1001-1207:

In this study, the research of wind turbine system performance using an MPPT controller based on
an extended PO algorithm was performed. This algorithm has the ability to calibrate without oscillation
to determine the maximum power output. To analyze this, the Simulink-Matlab software was employed.
The performance examination is carried out with a 3000W wind turbine system which served varying
electrical loads of 509, 100€, 20092, and 3009, respectively. In each of the variations, various wind speeds
based on the prevailing wind conditions in Indonesia, i.e., 4, 5, 6.5, 7, 8.5, 9, and 10m/s, respectively, were
performed. Based on the results of the overall wind turbine system performance examination, the largest
increase in system output power occurs when the system is loaded with 200Q with a wind speed of 6.5m/s.




Similarly, the installation of the MPPT controller increased the output power by 135.62%, with an average
power increase of 50.77%. The benefits of developing this PO algorithm include eliminating oscillation
problems which occur due to fluctuations in power when it reaches maximum value. With the
modification of the algorithm, this is expected to decrease due to the change of the value of AD, resulting
in faster convergence of the computation. The results of this study have proven that extended PO-based
MPPT, is capable of successfully enhancing the performance of wind turbine systems.
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Simulink-Matlab software were conducted. The study is carried out with a 3000W wind turbine
device serving various electrical loads of 5002, 1002, 200€2, and 300€2, and each Ohm varies with
a wind speed of 4, 5, 6.5, 7, 8.5, 9, and 10m/s. The overall turbine system performance found
that the maximum increase in system output power occurs when it is loaded with 200Q with a
wind speed of 6.5m/s. During this combination of 2002 and 6.5m/s, there are high increments of
output power at 135.62%, caused by the installation of MPPT controllers, with an average output
power increase of 50.77%. The results of this study proved that PO-based MPPT has successfully
improved the performance of wind turbine systems.
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Dear Reviewers,

The authors would like to thank the reviewers for the careful reading of the paper and the constructive
comments. In light of the reviewers’ observations, we have introduced some modifications to improve
our paper in this round of revisions.

All changes in the body of the paper have been highlighted on yellow color.

Best regards,
Dr. Ramadoni Syahputra et al.
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Comments and Suggestions for Authors:

Point 1: A careful English correction is necessary. There are lots of typo and grammar errors
such as ohms — Ohms, generate — generates, etc.

Response 1 from Authors:
Dear reviewer, we want to thank you for taking your time to review our paper as well as for
given us useful comments for improving its quality for a possible reconsideration in “Energies”.
We have made improvements in language quality and typo errors in our article. To improve
language quality, we have used professional English editing services. We mark every change
with the yellow highlight.

Point 2: Abstract needs to be modified and is too lengthy. Most of the sentences, lines 14-16, in
the abstract should be moved to the introduction and background sections.

Response 2 from Authors:
Thank you for the valuable comments.
We have revised the Abstract. The sentences in lines 14-16 in the abstract have been moved to
the Introduction and Background sections.

Revised the Abstract:

This paper proposes a strategy for performance improvement of small-scale wind turbine systems using
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maximum power point tracking control (MPPT).




this study, wind turbine systems which use permanent magnet synchronous generators and converter
devices are modeled in Simulink-Matlab software. In order to increase the power generated, MPPT is
used based on the extended Perturb and Observe (PO) method. This algorithm has the ability to improve
the speed of the turbine without oscillation. To analyze the ability of the PO-based MPPT in maximizing
output power, performance examination of wind turbine systems in Simulink-Matlab software were
conducted. The study is carried out with a 3000W wind turbine device serving various electrical loads of
500, 100, 2009, and 3002, and each Ohm varies with a wind speed of 4, 5, 6.5, 7, 8.5, 9, and 10m/s. The
overall turbine system performance found that the maximum increase in system output power occurs
when it is loaded with 200Q with a wind speed of 6.5m/s. During this combination of 200Q and 6.5m/s,
there are high increments of output power at 135.62%, caused by the installation of MPPT controllers,
with an average output power increase of 50.77%. The results of this study proved that PO-based MPPT
has successfully improved the performance of wind turbine systems.

Revised the Introduction section (line 40-42):

Recently, the Indonesian government has encouraged the development of wind power technology
in an effort to reduce carbon emissions. Wind turbine in Indonesia, has become increasingly popular
owing to the fact that the location has the wind potential. Wind is one of the most readily available
renewable energy sources in Indonesia, mostly prevalent on the southern coast of Java and Sumatra
Island, and the east islands. Based on data from the National Energy Blueprint, Ministry of Energy and
Mineral Resources of the Republic of Indonesia, the potential of wind energy is 9.29 GW, but the
utilization is still around 0.5 GW, 5.38% of the existing potential [3, 4].

Revised the Background section: 2. Small-Scale Wind Turbine System (line 120-122):

The Indonesian government has encouraged the development of wind power technology in an
effort to reduce carbon emissions. Wind turbine in Indonesia, has become increasingly popular owing to
the fact that the location has the wind potential. Indonesia is located in a tropical climate area, with
moderate wind potential at speeds ranging from 3 to 15 m/s [18]. Wind turbine systems are commonly
used for smaller scales [19]. The turbine works to convert kinetic energy in the wind to mechanical via
rotation by generating a torque. The magnitude of the kinetic energy depends on air density and wind
speed [7]. Equation (1) expresses the electric power of the wind turbine system as follows:

Point 3: Authors need to clearly identify their objectives and novelty of their work. What is the
advantage of their study compared to previous studies?

Response 3 from Authors:
Thank you for the valuable comments.
The objective of this study is to improve the performance of generators in wind power plants
so that the power generated is always maximum. The technique used is the control strategy
using the Maximum Power Point Tracking (MPPT) controller. In this MPPT, a control method is
applied, namely the extended Perturb and Observe (PO) method.




The combination of the PO and predictive method applied to the MPPT technique for
optimizing the generator output power of wind power systems is the novelty of this research.

We have added the objectives and novelty of this research in the introduction section of the
last paragraph, as shown below.
Line 102-118:

The objective of this study is to improve the performance of generators in wind power plants so
that the power generated is always maximum. The technique used is the control strategy using the
Maximum Power Point Tracking (MPPT) controller. In this MPPT, a control method is applied,
namely the extended Perturb and Observe (PO) method. The Perturb and Observe (PO) based MPPT
algorithm has been widely used in searching for maximum power values [17] due to its simplicity.
Furthermore, the use of PO does not require wind speed information and turbine parameters, it is
faster and more efficient in searching the maximum point of power. However, it has the
disadvantage of producing oscillations under steady state conditions due to constant duty cycle
changes. Therefore, modifications were made in the study, combining the PO and predictive method.
Both methods work alternately according to current and voltage conditions on the input side of the
converter. Predictive methods are used to determine the magnitude of step changes in the PO
algorithm, the larger the voltage, the larger the step size used and vice versa. The combination of the
PO and predictive method applied to the MPPT technique for optimizing the generator output power
of wind power systems is the novelty of this research. The method used in the MPPT is the extended
PO algorithm. The algorithm contains the foundations of standard PO, with changes to the step size
value of each iteration according to the response of the system based on the predefined C constant.
The modification of the method is resulting in faster convergence of the computation.

We have also added an explanation of the standard perturb and observe control algorithm. This
explanation is complemented by a flowchart so that the extended PO methods used in this
study can be seen (Figure 5), and the standard PO methods (Figure 4), as shown below. The
benefits of developing this PO algorithm include eliminating oscillation problems which occur
due to fluctuations in power when it reaches maximum value. With the modification of the
algorithm, this is expected to decrease due to the change of the value of AD, resulting in faster
convergence of the computation.

Line 250-296:

The PO algorithm can be used to determine the optimum point of a system [17]. In this study,
the optimum point is the maximum power value that a PMSG generator can achieve in a wind
turbine system. The maximum power value is obtained by adjusting the dc voltage on the generator
side converter, which in turn changes the output power. To monitor and manage these changes, a
certain step-size (AD) and time needs to be specified: that is the output power generated compared
to previous electrical power, so that the power changes (AP) and the next variable AD can be
determined. If the generated power increases, then the variable AD will be fixed, if it decreases then
the AD will change. The working principle of this extended PO algorithm can be seen in the flow
chart in Figure 4 and Figure 5, with several parameters in the initial value to calculate the change of
step size value in each iteration done. Furthermore, it is necessary to identify the limit duty cycle in
running this algorithm to maintain the ability of the buck converter. Figure 4 shows the standard
PO method, while Figure 5 shows the extended PO method used in this study.
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Figure 4. Flow chart of standard perturb and observe algorithm

Based on the analysis and literature study, the standard version of the PO algorithm (Figure 4) has
disadvantages, including the time taken to reach a relatively slow convergence and high oscillation in
maximum power search. However, this weakness can be overcome by changing the value of AD used
to find the maximum point value of power generated, where the quantity of AD will be multiplied by a
constant value of 0-1. When the system has reached the maximum power point then AD automatically
decrease. The working principle of the extended PO algorithm can be seen in Figure 5.

The benefits of developing this PO algorithm include eliminating oscillation problems which occur
due to fluctuations in power when it reaches maximum value. With the modification of the algorithm,
this is expected to decrease due to the change of the value of AD, resulting in faster convergence of the
computation.




Input the data:
V(n) and I(n)

A 4
P(n) = V(n)*I(n)

Y

AV =V(n) - V(n-1)
AP =P(n) - P(n-1)

!

—» AD=ADC |«

v

P(n-1) = P(n)

V(n-1) = V(n)

Figure 5. Flow chart of extended perturb and observe algorithm
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Figure 1. Wind turbine characteristics with pitch angle of 0°




Point 5: How the authors are sure that their Simulink method and their MPPT method work

correctly? Is there any method to validate your data?

Response 5 from Authors:

Thank you for the valuable comments.

Simulink is not a method. Simulink is a software that is in the Matlab software environment. In
our research, we applied MPPT control techniques to wind power generation systems. MPPT is
Maximum Power Point Tracking, a technique to make the output power generated by wind
power plants always maximum. To run the MPPT technique, a method is needed. In our study,
the method applied to the MPPT was the extended Perturb and Observe (PO) method.

Regarding data validation in this study, we can explain as follows.

An explanation of validation test of the data and the PO method is described in section
"4.2. Evaluation of Perturb and Observe Algorithm” (lines 566-619).

4.2. Evaluation of Perturb and Observe Algorithm

In the PO algorithm, the quantity of input is voltage, and the output is the current of PMSG
generator. These voltages and currents are further utilized in order to obtain a more optimum output, as
shown in Figure 7. The following stages are involved in the Perturb and Observe algorithm process.
Initial voltage measurement, is determined to study the exact value of the current PMSG generator
output voltage.

The Power PMSG generator is measured to determine its current value.

The power difference is calculated to actuate the difference between the current and previously measured
power.

The voltage and power is compared to figure out the process involved in the changes. From this
comparison, the generator voltage will be larger or smaller depending on the generator power and
measured voltage differences.

If the above stages turn out to be successful, step 1lis repeated.

Table 6. Results of the PO algorithm validity test

Number of Wind speed Turbine rotation Ijoad Output
Experiments (m/s) (rpm) resistance power
Q) W)
1 10 508.06 200 2032
2 10 508.06 200 2032
3 10 508.06 200 2032
4 10 508.06 200 2032
5 10 508.06 200 2032
6 10 508.06 200 2032
Mean 10 508.06 200 2032

Standard deviation 0 0 0 0




After the PO algorithm is made on the wind turbine system, its validity and sensitivity is evaluated.
In this study, the algorithm is valid if the standard value of deviation is less than 1% in 6 experiments.
This is also similar to its sensitivity, which is also conducted by changing the wind speed.

A validity test is carried out to examine the results using the PO algorithm, and by conducting
repetitive experiments for fixed parameters with a certain input, followed by an observation of mean and
standard deviation from the experimental data. In this test, a wind rate of 10m/s is used as input with
fixed turbine system parameters. The results of the algorithm validity test are shown in Table 6.

Table 7. Results of the PO algorithm sensitivity test

s G uen
speed (m/s) V) W)
3 27.92 8.22
4 57.07 43.89
5 82.21 78.02
6 140.03 24213
7 171.41 334.23
8 247.24 809.31
9 316.90 1201.18
10 348.62 1472.34
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Figure 10. Generator voltage of wind turbine system
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Figure 11. Generator output power of wind turbine system

The test resulted to a standard deviation value of 0, which means that the optimization procedure
produced the same value in each experiment; hence, the output power of the wind turbine system can
be categorized as valid.

In order to determine the effect of the changes associated with the parameter values, a sensitivity
analysis of the PO algorithm is tested by varying the value of the wind speed between 3 to 10m/s with a
fixed power generator value of 3000W. In this experiment, 100Q resistance was used, and results obtained
are shown in Table 7 and Figure 10. From the experimental results, it can be seen that the higher the wind
speeds the greater the voltage and power of the generator. This is because the rotor speed increases with

a rise in wind speed, which also affects the power generated. The results of experiments in Table 7 and
Figure 11 also prove that same.




MDPI

o

energies

Article
Performance Improvement for Small-Scale Wind

Turbine System Based on Maximum Power Point
Tracking Control

<

Ramadoni Syahputra * * and Indah Soesanti 2*

! Department of Electrical Engineering, Faculty of Engineering, Universitas Muhammadiyah Yogyakarta,
Yogyakarta 55183, Indonesia; E-mail: ramadoni@umy.ac.id

2 Department of Electrical Engineering and Information Technology, Faculty of Engineering, Universitas
Gadjah Mada, Yogyakarta, Indonesia; E-mail: indahsoesanti@ugm.ac.id

* Correspondence: ramadoni@umy.ac.id; indahsoesanti@ugm.ac.id; Tel.: +62-856-014-05653

Received: date; Accepted: date; Published: date

Abstract: This paper proposes a strategy for performance improvement of small-scale wind turbine
systems using maximum power point tracking control (MPPT). i

sovernment-has—encouraced—the development
OVEr HEhas-eneotia the—aeveropment

€ s
missions—Wind—turbine-in-Indeonesia—has-becomeincreasinelypopular-owineto-the fact
ISV e terDiRe - HRaoResSta; HREy-popthar owinRgtothefact

£ urind nowar tachnolooy
WG PpOoWer teennoiogyh—ah

carbon

that-the location-hasthe-windpetential_In this study, wind turbine systems which use permanent /

magnet synchronous generators and converter devicesare modeled in Simulink-Matlab software. |/

In order to increase the power generated, MPPT is used based on the extended Perturb and Observe |

Formatted: Top: (Single solid line, Accent 1, 0.5 pt Line
width), Bottom: (Single solid line, Accent 1, 0.5 pt Line
width), Left: (Single solid line, Accent 1, 0.5 pt Line width),
Right: (Single solid line, Accent 1, 0.5 pt Line width)

Formatted: Strikethrough

Formatted: Highlight
Deleted: ,

Deleted: is

Formatted: Highlight

Deleted: modified

Formatted: Highlight

Deleted: examination

Formatted: Highlight

Formatted: Highlight

Deleted: -watt

Deleted: 50 ©, 100 €, 200 &, and 300 Q,

Deleted: ohm

Deleted:

Formatted: Highlight

Deleted:

(PO) method. This algorithm has the ability to improve the speed of the turbine without oscillation.

To analyze the ability of the PO-based MPPT in maximizing output power, performance |

examination of wind turbine systems in Simulink-Matlab software were conducted. The study is
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turbine system performance found that the maximum increase in system output power occurs when
it is loaded with 200Q with a wind speed of 6.5m/s. During this combination of 2000, and 6.5m/s, |
there are high increments of output power at 135.62%, caused by the installation of MPPT
controllers, with an average output power increase of 50.77%. The results of this study proved that
PO-based MPPT has successfully improved the performance of wind turbine systems.
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Renewable energy

1. Introduction

Due to energy issues related to potential, inventory, technology, and environmental impact, the
necessity for renewable energy has become increasingly urgent. This fact is attributed to the easy
availability of fossil energy and its proven negative impact on the environment [1]. People are
realizing the importance of renewable energy as a source of electricity to power our world. Indonesia,
as a tropical country, has also paid serious attention to renewable energy [2], the government creating
a goal of deriving 23% of national electricity from renewable energy sources by 2025. This
contribution will be increased to 31% by 2050.

Recently, the Indonesian government has encouraged the development of wind power
technology in an effort to reduce carbon emissions. A wind turbine in Indonesia has become

increasingly popular owing to the fact that the location has the wind potential. The wind is one of the |/~

most readily available renewable energy sources in Indonesia, most, prevalent on the southern coast
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of Java and Sumatra Island, and the eastern islands. Based on data from the National Energy
Blueprint, Ministry of Energy and Mineral Resources of the Republic of Indonesia, the potential of
wind energy is 9.29 GW, but the utilization is still around 0.5 GW, 5.38% of the existing potential [3,
4].

Wind generateg electrical energy through the turbines, which are characterized by the various
types according to shapes and shafts. The wind turbine is connected with a generator that converts
kinetic into electricity. Generators commonly used in conjunction with low to medium scale wind
turbines are called Permanent Magnet Synchronous Generator (PMSG) [5, 6]. The output of power
generated by PMSG varies depending on wind speed [7]. In order to maximize the output power of
the generator, the Maximum Power Point Tracking (MPPT) controller is used to stabilize the
maximum power [8, 9].

The methods for MPPT are commonly used, including gradient approximation, artificial neural
network method, fuzzy logic, particle swarm optimization, ant colony optimization, and Perturb and
Observe methods [10 - 14]. In the study of [15], stand-alone wind turbines and MPPT using the
gradient approximation method is carried out. It works by measuring the voltage and current, then
changing the duty cycle in the DC-DC converter to obtain the maximum power. The AC output
voltage used single phase full bridge inverter. Simulation results show that the maximum power ratio
without MPPT is 79.41%, while with it, the maximum power is 94.51%. The results of this study |
indicate that wind turbines have a higher, average power when using MPPT. /

Furthermore, research [16] shows that MPPT technology is used to regulate the output voltage
of the generator through a DC-DC Converter circuit, where the switching technique uses Pulse Width
Modulation (PWM) by adjusting the duty cycle. The change of the duty cycle value depends on the |
wind speed. Therefore, a Fuzzy Logic Controller (FLC) algorithm is used to set the cost as well as
accelerate the PWM control switching response. The results showed that with FLC-based MPPT
technology, the efficiency of power output is increased from 45.5% to 87%.

The objective of this study is to improve the performance of generators in wind power plants so
that the power generated is always maximum. The technique used is the control strategy using the
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Maximum Power Point Tracking (MPPT) controller. In this MPPT, a control method is applied
namely the extended Perturb and Observe (PO) method. The Perturb and Observe (PO) based MPPT |
algorithm has been widely used in searching for maximum power values [17] due to its simplicity.
Furthermore, the use of the PO does not require wind speed information and turbine parameters,

and it is faster and more efficient in searching the maximum point of power. However, it has the

disadvantage of producing oscillations under steadygstate conditions due to constant duty cycle
changes. Therefore, modifications were made in the study, combining the PO and predictive method.
Both methods work alternately according to current and voltage conditions on the input side of the
converter. Predictive methods are used to determine the magnitude of step changes in the PO
algorithm, the larger the voltage, the larger the step size used, and vice versa. The combination of the /

PO and predictive method applied to the MPPT technique for optimizing the generator output power
of wind power systems is the novelty of this research, The technique used in the MPPT is the extended

PO algorithm. The algorithm contains the foundations of standard PO, with changes to the step size
value of each iteration according to the response of the system based on the predefined C constant.

The modification of the method is resulting in faster convergence of the computation.

2. Small-Scale Wind Turbine System

The Indonesian government has encouraged the development of wind power technology in an
effort to reduce carbon emissions. The wind turbine in Indonesia has become increasingly popular
owing to the fact that the location has the wind potential. Jndonesia is located in a tropical climate
area, with moderate wind potential at speeds ranging from 3m/s to 15m/s [18]. Wind turbine systems
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are commonly used for smaller scales [19]. The turbine works to convert the kinetic energy in the
wind to mechanical via rotation by generating a torque. The magnitude of the kinetic energy depends
on air density and wind speed [7]. Equation (1) expresses the electric power of the wind turbine
system as follows:
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P=05C,pAV? 1)

As can be seen in gquation (1), the coefficient of Cp generates a fraction of the kinetic energy
converted into mechanical energy caused by the wind turbine. Some factors contribute to
determining the wind turbine power, such as the ratio of tip speed A. This wind speed ratio depends
on the angle of the pitch blade for the turbine controlled by the pitch. The speed ratio can be defined
as a correlation between the linear speed of the turbine blade and the wind velocity, which can be
expressed by the following equation (2).

A=rolv )
Substituting equation (2) in (1), the electric power that a wind turbine system is as follows,

P=05Cy1p4 (/) w)? 3)
Further torque can be calculated using the following equation (4).

P=0.5C,pd (v/) 4
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Figure 1. Wind turbine characteristics with pitch angle of 0°

Based on (4), it can be concluded that the value of the ratio of speed at which the coefficient of
power reaches a maximum is possible. Wind turbines can generate maximum electrical energy by
optimizing the tip speed ratio A, achieved by adjusting the pace of the blade according to the wind
speed. Figure 1 shows the power generated at different winds with a pitch angle of 0°, indicating
divergent speeds lead to a difference in output power. The mechanical power is dependent on the
rotation speed, as shown by the winds ranging from 4m/s to 10m/s. Based on this example, the

nominal wind speed that produces nominal mechanical power (1 p.u. =3 MW) is 9m/s. A complete

list of quantity symbols is presented in Table A1 in the Appendix.

3. MPPT Control Using Extended Perturb and Observe Algorithm

3.1. MPPT Control for Small-Scale Wind Turbine System

Figure 2 shows the typical diagram of a wind turbine system, composed of a turbine and PMSG
generator that both serve to convert wind into mechanical energy, a generator-side converter that
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rectifies the 3 phase ac electrical voltage into dc, and a boost converter. There is also an MPPT
Controller which maximizes the output power, and a grid-side converter that turns dc electrical
voltage into ac [20]. Furthermore, the output from the inverter can be integrated into the grid of the
distribution system.
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Figure 2. Typical diagram of wind turbine system

A, wind turbine is a piece of equipment, for converting wind energy into mechanical energy. As

expressed in equation (4) that the power produced by the wind turbine (P) is the result of a process
of half the mass density of the air type (p) with the area of cross-sectional coverage (A) and the power
of the wind velocity (v%). Wind energy drives the turbine rotor connected to the generator to create
electrical energy. The maximum output power of the wind turbine is limited to the power coefficient
(Gy), a function of tip speed ratio A, rated from 25% to 45%. Based on the experimental results, this
value will not exceed 59.3%. A generator is a tool to convert mechanical energy into electricity,
changing the torque (T) and rotational speed of the rotor (w) it receives from the blade into voltage
(V) and current (I) values. The output of this generator is 3-phase AC voltage.

The Permanent Magnet Synchronous Generator (PMSG) does not require an excitation system
because its source is provided by a permanent magnet on the rotor [7], therefore eliminating the need
for voltage control, simplifying the overall system. PMSG is usually used to generate electrical energy
in wind turbines with low to medium power capacity. It is suitable for small scale power generators,
hence useful in the Indonesian region where wind speeds are not too high. The advantage of using a
PMSG is the low cost, durability, simplicity, and more straightforward, clutch grid, however,

ignificant

Region | Region 1

MPPT | Power Regulation

Power output

1%

rat i w

\)

0 Wind speed

Figure 3. Ideal power curve in wind turbines with varying wind speeds

The wind energy system extracts the wind energy and converts it to electrical energy. The output
power of the wind energy system varies depending on the wind speed [22]-[23]. When wind speed
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is below the expected value, MPPT is required to produce maximum power. The generator load is
adjusted when the turbine ratings are smaller than the wind speeds. Figure 3 shows the ideal power
curve in turbines with varying wind speeds. Region I illustrates areas where MPPT maximizes
turbine power, while Region II portrays its regulation.

MPPT is the method of tracking the maximum power value of a power plant system [16], in
order to produce higher levels of efficiency. The working principle is to increase and decrease the
voltage by adjusting the duty cycle on the power side converter. However, with MPPT, the maximum
power output from the generator can be optimized. The methods used in MPPT vary according to
the algorithm used,, this study used an extended PO.

3.2. Extended Perturb and Observe Algorithm

The PO algorithm can be used to determine the optimum point of a system [17]. In this study,
the optimum point is the maximum power value that a PMSG generator can achieve in a wind turbine
system. The maximum power value is obtained by adjusting the dc voltage on the generator side
converter, which in turn changes the output power. To monitor and manage these changes, a certain
step-size (AD) and time need, to be specified: that is the output power generated compared to

previous electrical power, so that the power changes (AP) and the next variable AD can be determined.

in each iteration done. Furthermore, it is necessary to identify the limit duty cycle in running this
algorithm to maintain the ability of the buck converter. Figure 4 shows the standard PO method,
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Table 4. Parameters of battery
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Parameters Quantities and Units
Nominal voltage 30QV
Rated capacity 6.5Ah
Initial state of charge 60%
Maximum capacity 7Ah
Fully charged voltage 353.39V,
Nominal discharge current 1.3A
Internal resistance 0.4615Q
Capacity at nominal voltage 6.25Ah
Exponential zone 325.42V, 1.3Ah

Table 5. Parameters of inverter

Parameters Quantities and Units
Snubber resistance 100K22
Snubber capacitance Infinite
Power electronic device Mosfet, diodes
Internal resistance 0.0012,

4.2. Evaluation of Perturb and Observe Algorithm

In the PO algorithm, the quantity of input is voltage, and the output is the current of PMSG
generator. These voltages and currents are further utilized in order to obtain a more optimum output,
as shown in Figure 7. The following stages are involved in the Perturb and Observe algorithm

process.
1) Initial voltage measurement,is determined to study the exact value of the current PMSG

generator output voltage.

2) The Power PMSG generator is measured to determine its current value.

3) The power difference is calculated to actuate the difference between the present and the
previously, measured power.

4) The voltage and power are compared to figure out the process involved in the changes.

From this comparison, the generator voltage will be larger or smaller, depending on the
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Table 6. Results of the PO algorithm validity test

Wind Turbine Load
Number of . . Output power
i speed  rotation resistance
Experiments (W)
(m/s) (rpm) Q)
1 10 508.06 200 2032
2 10 508.06 200 2032
3 10 508.06 200 2032
4 10 508.06 200 2032
5 10 508.06 200 2032
6 10 508.06 200 2032
Mean 10 508.06 200 2032
Standard 0 0 0 0

deviation

After the PO algorithm is made on the wind turbine system, its validity and sensitivity are
evaluated. In this study, the algorithm is valid if the standard value of deviation is less than 1% in 6
experiments. This fact is also similar to its sensitivity, which is also conducted by changing the wind
speed.

A validity test is carried out to examine the results using the PO algorithm, and by conducting

repetitive experiments for fixed parameters with a particular, input, followed by an observation of
mean and standard deviation from the experimental data. In this test, a windjng rate of 10m/s is used

[Deleted: ohms

[ Formatted: Highlight

[ Formatted: Highlight

Deleted: Perturb and Observe

Formatted: Highlight

Deleted: is

Formatted: Highlight

Formatted: Highlight

as an input with fixed turbine system parameters. The results of the algorithm validity test are shown !

in Table 6.

Table 7. Results of the PO algorithm sensitivity test

Wind speed Generator Voltage Output Power

(m/s) (\%) W)
3 27.92 8.22
4 57.07 43.89
5 82.21 78.02
6 140.03 242.13
7 171.41 334.23
8 247.24 809.31
9 316.90 1201.18
10 348.62 1472.34
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Figure 10. Generator voltage of wind turbine system
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Figure 11. Generator output power of wind turbine system

The test resulted to a standard deviation value of 0, which means that the optimization
procedure produced the same value in each experiment; hence, the output power of the wind turbine
system can be categorized as valid.

In order to determine the effect of the changes associated with the parameter values, a sensitivity

analysis of the PO algorithm is tested by varying the value of the wind speed between 3 to 10m/s /
with a fixed power generator value of 3000W, In this experiment, 100%, resistance was used, and -
results obtained are shown in Table 7 and Figure 10. From the experimental results, it can be seen
ore significant,the voltage and power of the generator. This fact

that the higher the wind speeds the

is because the rotor speed increases with a rise in wind speed, which also affects the power generated. ' \

The results of experiments in Table 7 and Figure 11 also prove that same.

4.3. Performance Test of Wind Turbine System

In this section, a test is conducted on the wind turbine systems in order to improve the

performance. Figure 12 and Figure 13 are used to test the Simulink Matlab performance with the
installation of MPPT controllers. Test results of the system performance with and without the MPPT |

controller are shown in Table 8.
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Figure 12. Wind turbine system without MPPT in Simulink-Matlab software
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Table 8. Results of performance test of wind turbine system
Performance test variables of wind turbine system [
Load i i (
] Wind speed Without MPPT With MPPT Power [
resistance Output Electric Output Output Electric Output | .
) (m/s) increasing [
(%)
vy, @ W W @A W \
50 4 33.76 0.67 22.62 33.83 0.69 23.34 3.20 \ [
5 54.09 1.08 58.42 60.05 1.15 69.06 18.21 {
6.5 71.51 143 10226 73.21 153  112.01 9.54 [
83.03 1.66  137.83 85.92 1.81 15552 12.83
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85  124.24 242  300.66  130.54 277  361.60 20.27

9 14041 2.81 39455 14752 3.14  463.21 17.40

10 174.35 349  608.48  183.81 395  726.05 19.32

100 4 62.63 0.62 38.83 66.24 0.75 49.68 27.94
5 95.09 1.09 103.65 119.12 112 13341 28.72

6.5  137.64 1.38 189.94  149.02 1.81  269.73 42.00

7 160.12 1.62 25939 17141 205 351.39 35.47

85 23823 235  559.84 265.5 3.62  961.11 71.68

9 26932 269 72447  296.04 4.07 1204.88 66.31

10 335.09 335 112255  348.61 445 1551.31 38.20

200 4 116.51 0.58 67.58  134.81 1.14  153.68 127.42

5 189.89 0.89  169.00  215.66 1.65  355.84 110.55
6.5  240.64 1.23 29599  280.08 249  697.40 135.62

7 299.11 149 44567 31531 2.65  835.57 87.48
8.5  376.07 1.88 707.01  431.62 292 1260.33 78.26
9  438.01 251 109941  485.41 3.26 1582.44 43.94
10 547.11 2.73 1493.61  586.44 3.53  2070.13 38.60
300 4 166.03 0.55 9132  184.25 1.03  189.78 107.82
5 234.09 0.89 20834  256.05 135  345.67 65.92
6.5  354.81 118  418.68  360.26 193 695.30 66.07
7 42622 144 61376  412.06 2.07 85296 38.97
85  574.05 193 1107.92  589.92 248 1463.00 32.05
9  483.15 2.18 105327  658.09 2.69 1770.26 68.07
10 902.72 3.04 273467 81771 3.72 2999.88 9.63
Average of power increasing (%) 50.77

Table 8 shows the results of the wind turbine system performance test from simulations in |

Figure 12 and Figure 13. The performance test is carried out with a 3000, wind turbine with electrical | //

loads of 500, 1002, 20082, and 300%, respectively in order to assess the performance of the turbine
while serving the increased load with and without the MPPT controller.

As seen in Table 8, the greater the electrical load served, the higher the output power of the
PMSG generator from the wind turbine. The most considerable, output power is obtained when the
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system serves the highest electrical load of 3008, Furthermore, the electrical load, and wind speed
variation, on the prevailing wind conditions in Indonesia (i.e., 4, 5, 6.5, 7, 8.5, 9, and 10m/s), is
examined. Overall, the MPPT controller is able to increase the wind turbine system's power output
significantly. The average power increase after installing the MPPT controller using the PO algorithm
is 50.77%. The results are presented in graphical form to clearly analyze the effect of MPPT controller
on various wind speed variations, as shown in Figures 14, 15, 16, and 17.

Formatted: Highlight

Deleted: ohm

Formatted: Highlight

Deleted:

Deleted: 13

Formatted: Highlight

Deleted: 14

Deleted: 15

Formatted: Highlight

Deleted: 16

[
(
|
|
(
(
(
(
(
|
(
( Formatted: Highlight
|
(
[
(
|
|
(
|
|
(
{

e o o e JC A G . JC A JC A A U JC




Deleted: 13

587
bss

589
90

591
92

94
95
96

597

598

599

00
01

602
603
604
Eos
06
607
608
09
10
11
612
613

Formatted

Energies 2019, 12, x FOR PEER REVIEW 15020 Deleted: ohms

Output Power of Wine Sarbire st Loed Sesistares of 50 abirn

| Formatted

|| Deleted: ohms

[
{
| {Deleted: 14
|
[

g | J et = » Deleted: 13
§ w0 ; | Formatted
g a0 . Deleted: ohms
8 wm : Formatted
Deleted:
1o . » ’ Formatted

Deleted: volts

&
Wind Speed (s} Formatted

Figure 14. Output power of wind turbine system with load resistance of 500, Deleted: ampere

Ovtaut Pawer of Wind Turtine with Losd Resistance of 100 obrs Formatted

Deleted: watts

Al Al Al ekl Al baa B Rl Bl Al Al Bl el LBl

Formatted
E:“ ’ S — - ‘ [ Deleted: volts
5 5 [ Formatted
;l e g [Deleted: amperes
o . - [ Formatted
0w - Deleted: watts... In this case, the system output pow
X s . & Formatted
' ' ‘ . [ Deleted:
Wird Sgeed imf)
[ Formatted
Figure 15. Output power of wind turbine system with load resistance of 1000, [ Deleted: volt
[ Formatted
. Figure 14 shows the output power of ’Fhe wind turbine system with a load reswtance. of 500, At Deloted: ampere... thereby, generating a
wind speeds of 4m/s, the turbine system without MPPT produces 33.76V, and at an electrical current
of 0.67A, the output power of the turbine is 22.62W, The application of an MPPT controller on the [Formatted
PMSG generator side converter generated both voltage and current of 33.83V,and 0.69A, respectively, | [ Deleted: watts
resulting in output power of 23.34W, In this case, the system output power is increased by 3.20% / [Formatted
before implementing the MPPT controller. Furthermore, the system performance test with wind [ Deleted: volts
speeds of 5, 6.5, 7, 8.5, 9, and 10m/s, respectively, were examined. Based on the graph in Figure 14, it -
can be concluded that the higher the wind speed that hits the turbine, the greater the voltage, current, [ Formatted
and output power with the best output recorded at 10m/s. The condition without MPPT produced a || [ Deleted: amperes
voltage of 174.35V, with a load current of 3.49A, thereby, generating power of 608.48W, [ Formatted

Furthermore, with the application of the MPPT controller, there is an increase in voltage, load

Deleted: watts... respectively. When compared to t]
current, and system output power of 183.81V, 3.95A, and 726.05W, respectively. When compared to )

the condition before the application, an increase in system output power by 19.32% is displayed. /| Formatted
Based on the graph in Figure 14, the best performance of the MPPT controller in increasing the output / [ Deleted:
power occurs precisely at wind speeds of 8.5m/s, where the percentage increase in output power is / [ Formatted

20.27%. Overall, it can be seen that the MPPT controller using the PO algorithm has successfully
improved the performance of wind turbine systems.

The output power of the wind turbine system with a load resistance of 1008, is shown in Figure //
J5. At a wind speed of 4m/s, and without MPPT, the system produces a voltage of 62.63V, and an ,
electric current of 0.62A to serve the load resistance of 1002, with an output turbine power of 38.83W,
Furthermore, the application of the MPPT controller on the PMSG generator side converter, as well N
as the voltage and current generated was 66.24V, and 0.75A, respectively, resulting in putput power

Deleted: ohms ...is shown in Figure 14

| Formatted

Deleted:

Formatted

Deleted: volt

Formatted

Deleted: ampere

Deleted: ohm

Formatted

Formatted

(
[
(
[
(
(
\\ [ Formatted
[
(
[
(
[
[

Formatted

313 Mal N3N NalE 3 W3l 33Nl




[ Formatted

88

90
691
Egz

93
694
695
696
E97

98
699

700
701

702
703

704
705
706

07

09
710
11
12
13

.
L Deleted: watts

Formatted

Energies 2019, 12, x FOR PEER REVIEW 16 0f20 Deleted: .../s, was examined. Based on the graph in

of 49.68W, This result means that the system output power is increased by 27.94% compared to when Formatted

the MPPT controller wasn’t implemented. Furthermore, the system performance test with a wind
speed of 5, 6.5, 7, 8.5, 9, and 10m/s, was examined. Based on the graph in Figure 15, it can be seen that
the higher the wind speed, the greater the voltage, current, and output power of the system. The {
results show that the best output is produced with a wind speed of 10m/s. Without applying the /{

[ Deleted:
[ Deleted: volt

Formatted

MPPT, the voltage produced was 335.09V, with a load current of 3.35A, and power of 1,122.55W, Deleted: ampere... anda

Furthermore, with the application of the MPPT, there is an increase in voltage, load current, and [ Deleted: watts
system output power of 348.61Y, 4.45A, and 1,151.3W, respectively. When compared to the condition

Formatted

before the application of the MPPT, an increase in system output power by 38.20% is noticed. Based \

on the graph in Figure 15, it can also be seen that the best performance of the MPPT controller in \ [
increasing the output power of the system occurs precisely at the of 8.5m/s wind speed, where the (
percentage increase in output power is 71.68%. Overall, it can be seen that the MPPT controller using [ Deleted: volts

Formatted

Formatted

the extended PO algorithm has successfully improved the performance of wind turbine systems. Deleted: amperes

Formatted

Outper Pawee of Wind Turbine with Losd Sunhitass of 200 ubem Deleted: 1 watts... respectively. When compared to t

Formatted

Formatted

Deleted:

Deleted: 15

Outpest Powet (A}

Formatted

Deleted: 16

Formatted

.
Wind Sased fm]
- Deleted: ohms

Figure 16. Output power of wind turbine system with load resistance of 2000, Deleted: 15

(
(
[
{
- > . [ Deleted: ohms
[
[
[

Output Power of Wind Turiine with Load Resstane of 300 ofes
Formatted

Deleted: ohms

Formatted
Deleted:

Formatted

Ontpat Pawer (W)

Formatted

Deleted: ampere

Formatted

Wad Spaed ) Deleted: ohm

Formatted

[
(
[
(
[ Deleted: volts
(
[
(
[
(

Figure 17. Output power of wind turbine system with load resistance of 300Q,

Deleted: watts... Along with the application of the

F tted
Figure 16 shows the output power of the turbine system with a load resistance of 2000, At a || ormatte

wind speed of 4m/s, and without implementing the MPPT, it produces a voltage of 116.51V, and / Deleted: amperes...were generated, which resulted {
electric current of 0.58A, to serve the load resistance of 2000, with an output power of 67.58W, Along | Formatted
with the application of the MPPT controller on the PMSG generator, both voltage and current of
134.81V and 1.14A were generated, which resulted jn output power of 153.68W, Furthermore, the
system performance test with wind speeds of 5, 6.5, 7, 8.5, 9, and 10m/s, respectively, was examined.
Based on the graph in Figure 16, it can be seen that the higher the wind speed, the greater the voltage,

Deleted: an

Deleted: watts

3183 312031 3031 0820 0 )0 2 S 0 0 ) 0 U 51 S U 3] G 18 ) 3) &3 (31 U W (31 331 0 31 31 W W 31 21 3] W8 3

A
g

S [Formatted
|

N

Formatted

\_ | Deleted: .../s, respectively, was examined. Based on

alal

[ Formatted




[ Deleted: volts

781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

Energies 2019, 12, x FOR PEER REVIEW 17 of 20

current, and output power of the wind turbine system. The results show that at a wind speed of
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5. Conclusions

In this study, the research of wind turbine system performance using an MPPT controller based
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Abstract: This paper proposes a strategy for performance improvement of small-scale wind turbine
systems using maximum power point tracking control (MPPT). In this study, wind-—turbine
systems which use permanent magnet synchronous generators and converter devices are modeled
in Simulink-Matlab software. In order to increase the power generated, MPPT is used based on the
extended Pperturb and Oobserve (PO) method. This algorithm has the ability to improve the speed
of the turbine without oscillation. To analyze the ability of the PO-based MPPT in maximizing
output power, performance examination of wind turbine systems in Simulink-Matlab software
were-was conducted. The study is carried out with a 3000 W wind turbine device serving various
electrical loads of 50 Q, 100 €3, 200 ©, and 300 Q, and each Oh#-ohm varies with a wind speed of 4,
5,65, 7, 85,9 and 10_.m/s. The overall turbine system performance found that the maximum
increase in system output power occurs when it is loaded with 200 Q with a wind speed of 6.5 m/s.
During this combination of 200_Q and 6.5_m/s, there are high increments of output power at
135.62%; caused by the installation of MPPT controllers, with an average output power increase of
50.77%. The results of this study proved that PO-based MPPT has successfully improved the
performance of wind—turbine systems.

Keywords: Small-scale wind turbine system; MPPT, Extended perturb and observe method;
Renewable energy
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1. Introduction

Due to energy issues related to potential, inventory, technology, and environmental impacts,
the necessity for renewable energy has become increasingly urgent. This fact is attributed to the easy
availability of fossil energy and its proven negative impact on the environment [1]. People are
realizing the importance of renewable energy as a source of electricity to power our world.
Indonesia, as a tropical country, has also paid serious attention to renewable energy [2], with the
government creating a goal of deriving 23% of national electricity from renewable energy sources by
2025. This contribution will be increased to 31% by 2050.

Recently, the Indonesian government has encouraged the development of wind power
technology in an effort to reduce carbon emissions. A wind turbine in Indonesia has become
increasingly popular owing to the fact that the location has the-wind potential. The-wWind is one of
the most readily available renewable energy sources in Indonesia, most prevalently on the southern
coast of Java and Sumatra Island, and the eastern islands. Based on data from the National Energy
Blueprint, Ministry of Energy and Mineral Resources of the Republic of Indonesia, the potential of
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wind energy is 9.29 GW, but the utilization is still around 0.5 GW, 5.38% of the existing potential [3,
4].

Wind generates electrical energy through the-turbines, which are characterized by the-various
types according to shapes and shafts. The wind turbine is connected with a generator that converts
kinetic into electricity. Generators commonly used in conjunction with low- to medium--scale wind
turbines are called Ppermanent Mmagnet Ssynchronous Ggenerators (PMSG) [5, 6]. The output of
power generated by a PMSG varies depending on wind speed [7]. In order to maximize the output
power of the generator, the Mmaximum Ppower Ppoint Ftracking (MPPT) controller is used to
stabilize the maximum power [8, 9].

Fhe-mMethods for MPPT that are commonly used; inelading-include gradient approximation,
artificial neural network method, fuzzy logic, particle swarm optimization, ant colony optimization,
and the pPerturb and Oobserve (PO) methods [10 - 14]. In the study of [15], stand-alone wind
turbines and MPPT using the gradient approximation method is carried out. #-This works by
measuring the voltage and current, then changing the duty cycle in the direct current (DC-)-DC
converter to obtain the maximum power. The alternating current (AC) output voltage used single
phase full bridge inverter. Simulation results show that the maximum power ratio without MPPT is
79.41%, while with it, the maximum power is 94.51%. The results of this study indicate that wind
turbines have a higher average power when using MPPT.

Furthermore, research [16] shows that MPPT technology is used to regulate the output voltage
of the generator through a DC—DC cConverter circuit, where the switching technique uses Ppulse
Wwidth Mmodulation (PWM) by adjusting the duty cycle. The change of the duty cycle value
depends on the wind speed. Therefore, a fFuzzy Elogic Econtroller (FLC) algorithm is used to set the
cost as well as accelerate the PWM control-—switching response. The results showed that with
FLC-based MPPT technology, the efficiency of power output is increased from 45.5% to 87%.

The objective of this study is to improve the performance of generators in wind-—-power plants
so that the power generated is always maximum. The technique used is the control strategy using

he MaximumPowerPointFracking(MPPT) controller. In this MPPT, a control method is applied,
namely the extended Perturb—and-Observe{(PO) method. The Perturb—and-Observe{(PO)—-based

MPPT algorithm has been widely used in searching for maximum power values [17] due to its
simplicity. Furthermore, the use of the PO does not require wind speed information and turbine
parameters, and it is faster and more efficient in searching the maximum point of power. However,
it has the disadvantage of producing oscillations under steady-state conditions due to constant duty
cycle changes. Therefore, modifications were made in the study, combining the PO and predictive
method. Both methods work alternately according to current and voltage conditions on the input
side of the converter. Predictive methods are used to determine the magnitude of step changes in the
PO algorithm, the larger the voltage, the larger the step size used, and vice versa. The combination of
the PO and predictive method applied to the MPPT technique for optimizing the generator output
power of wind power systems is the novelty of this research. The technique used in the MPPT is the
extended PO algorithm. The algorithm contains the foundations of standard PO, with changes to the
step size value of each iteration according to the response of the system based on the predefined C
constant. The modification of the method is—resulting—results in faster convergence of the
computation.

2. Small-Scale Wind--Turbine System

The Indonesian government has encouraged the development of wind--power technology in an
effort to reduce carbon emissions. The wind turbine in Indonesia has become increasingly popular
owing to the fact that the location has the-wind potential. Indonesia is located in a tropical climate
area, with moderate wind potential at speeds ranging from 3 m/s to 15_m/s [18]. Wind--turbine
systems are commonly used for smaller scales [19]. The turbine works to convert the kinetic energy
in the wind to mechanical energy via rotation by generating a torque. The magnitude of the kinetic
energy depends on air density and wind speed [7]. Equation (1) expresses the electric power of the
wind-turbine system as follows:
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P=05C,pAV (1)

As can be seen in Eequation (1), the coefficient of Cp generates a fraction of the kinetic energy
converted into mechanical energy caused by the wind turbine. Some factors contribute to
determining the wind-—turbine power, such as the ratio of tip speed A. This wind speed ratio
depends on the angle of the pitch blade for the turbine controlled by the pitch. The speed ratio can be
defined as a correlation between the linear speed of the turbine blade and the wind velocity, which
can be expressed by the following Eequation (2)-:

A=rwlv 2)
Substituting equation (2) in (1), the electric power that a wind turbine system is as follows,
P=05C,Ap4 (1/2)%w)’ (3)

Further torque can be calculated using the following eEquation (4)-:
P=05C,p4 (v/4) 4)

Mechanical power (MW)

Rotor speed (rpm)

Figure 1. Wind turbine characteristics with pitch angle of 0°.

Based on (4), it can be concluded that the value of the ratio of speed at which the coefficient of
power reaches a maximum is possible. Wind turbines can generate maximum electrical energy by
optimizing the tip speed ratio A, achieved by adjusting the pace of the blade according to the wind
speed. Figure 1 shows the power generated at different winds with a pitch angle of 0° indicating
divergent speeds leading to a difference in output power. The mechanical power is dependent on
the rotation speed, as shown by the winds ranging from 4 m/s to 10 m/s. Based on this example, the
nominal wind speed that produces nominal mechanical power (1 p.u. =3 MW) is 9. m/s. A complete
list of quantity symbols is presented in Table Al in the Appendix.

3. Maximum Power Point Tracking Control (MPPT) Control Using Extended Perturb and Observe
(PO) Algorithm

3.1. MPPT Control for Small-Scale Wind—Turbine System

Figure 2 shows the typical diagram of a wind turbine system, composed of a turbine and PMSG
generator that both serve to convert wind into mechanical energy, a generator-side converter that
rectifies the 3 phase ae-AC electrical voltage into €eDC, and a boost converter. There is also an MPPT
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Controller which maximizes the output power, and a grid-side converter that turns dc electrical
voltage into ac [20]. Furthermore, the output from the inverter can be integrated into the grid of the
distribution system.

Generator-side
Converter

Grid-side
Converter  Transformer

DC Link Voltage
Control

Figure 2. Typical diagram of wind--turbine system.

A wind turbine is a piece of equipment for converting wind energy into mechanical energy. As
| expressed in Eequation (4) that the power produced by the wind turbine (P) is the result of a process
of half the mass density of the air type (p) with the area of cross-sectional coverage (A) and the
power of the wind velocity (v%). Wind energy drives the turbine rotor connected to the generator to
create electrical energy. The maximum output power of the wind turbine is limited to the power
coefficient (Cy), a function of tip speed ratio A, rated from 25% to 45%. Based on the experimental
results, this value will not exceed 59.3%. A generator is a tool to convert mechanical energy into
electricity, changing the torque (T) and rotational speed of the rotor (w) it receives from the blade
into voltage (V) and current (I) values. The output of this generator is 3-phase AC voltage.
| The PermanentMagnet-Synehronous-Generator{PMSG) does not require an excitation system
because its source is provided by a permanent magnet on the rotor [7], therefore eliminating the
| need for voltage control, simplifying the overall system. A PMSG is usually used—emploved to
generate electrical energy in wind turbines with low to medium power capacity. It is suitable for
small scale power generators, hence useful in the Indonesian region where wind speeds are not too
| high. The advantage of using a PMSG is the—its low cost, durability, simplicity, and more
straightforward clutch grid, however, a significant disadvantage is its need for smaller power factor
and efficiency compensators [21].

A Region 1 Region 1

MPPT

Power Regulation

~
I

£

Power output

v

rod

v

<]
|

.
-

0 Wind speed

Figure 3. Ideal power curve in wind turbines with varying wind speeds.

| The wind--energy system extracts the-wind energy and converts it to electrical energy. The
output power of the wind energy system varies depending on the wind speed [22,23]. When wind
| speed is below the expected value, an MPPT is required to produce maximum power. The generator
load is adjusted when the turbine ratings are smaller than the wind speeds. Figure 3 shows the ideal
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power curve in turbines with varying wind speeds. Region I illustrates areas where MPPT
maximizes turbine power, while Region II portrays its regulation.

MPPT is the method of tracking the maximum power value of a power-—-plant system [24,25], in
order to produce higher levels of efficiency. The working principle is to increase and decrease the
voltage by adjusting the duty cycle on the power side converter. However, with MPPT, the
maximum power output from the generator can be optimized. The methods used in MPPT vary
according to the algorithm used; this study used an extended PO.

3.2. Extended Perturb and Observe Algorithm

The PO algorithm can be used to determine the eptimum-optimal point of a system [17]. In this
study, the eptimum-optimal point is the maximum power value that a PMSG generator can achieve
in a wind turbine system. The maximum power value is obtained by adjusting the dc voltage on the
generator side converter, which in turn changes the output power. To monitor and manage these
changes, a certain step-size (AD) and time need to be specified: that is the output power generated
compared to previous electrical power, so that the power changes (AP) and the next variable AD can
be determined. If the generated power increases, then the variable AD will be fixed, if it decreases,
then the AD will change. The working principle of this extended PO algorithm can be seen in the
flow chart in Figure 4 and Figure 5, with several parameters in the initial value to calculate the
change of step size value in each iteration done. Furthermore, it is necessary to identify the limit of
the duty cycle in running this algorithm to maintain the ability of the buck converter. Figure 4 shows
the standard PO method, while Figure 5 shows the extended PO method used in this study.

P )
[ Start A
-/
=_
v
Input the data:
V(n) and I(n)

v

‘ P(n) = V(n)*I(n) ‘

.

AV =V(n) - V(n-1)
AP =P(n) - P(n-1)

P(n-1) =P(n)
V(n-1) = V(n)

Figure 4. Flow chart of the standard perturb and observe (PO) algorithm.

Based on the analysis and literature study, the standard version of the PO algorithm (Figure 4)
has disadvantages, including the time taken to reach a relatively slow convergence and high
oscillation in maximum power search. However, this weakness can be overcome by changing the
value of AD used to find the maximum point value of power generated, where the quantity of AD
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will be multiplied by a constant value of 0—1. When the system has reached the maximum power
point then AD automatically decrease. The working principle of the extended PO algorithm can be
seen in Figure 5.

The benefits of developing this PO algorithm include eliminating oscillation problems which
occur due to fluctuations in power when it reaches maximum value. With the modification of the
algorithm, this is expected to decrease due to the change of the value of AD, resulting in faster
convergence of the computation.

Input the data:
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Figure 5. Flow chart of the extended perturb and observe algorithm.

This extended PO algorithm contains the foundations of the original, with changes to the value
of the step size of each iteration according to the response of the system based on the predefined C
constant. The duty cycle value limit is also specified in order to keep the system working in
accordance with the capabilities of the buck converter. Time delay running the program in a
one-time iteration is to respond due to changes in the given duty cycle.

4. Results and Discussion

4.1. Model of Wind—Turbine System

This study analyzes the wind—turbine system modelled by the Simulink-Matlab software. The
system comprises a wind turbine, PMSG, a rectifier, MPPT, and an inverter. The turbine converts
wind into mechanical energy, the PMSG transforms the mechanical energy into electricity, and the
rectifier ensures that the ae-AC electrical voltage is transformed into de-DC electrical current.
Furthermore, the MPPT maximizes the output power of the wind turbine system, and the inverter
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converts the de-DC into ae-AC voltage. The block diagram of the wind turbine system with MPPT
and circuit diagram are shown in Figure 6 and Figure 7.

Table 1. Parameters of wind turbine in this study.

Parameters Quantities and Units
Nominal mechanical output power 3000 W
Base power of the electrical generator 3000/0.9. VA
Base wind speed 12 m/s
Maximum power at base wind speed of 0.73 p.u.

nominal mechanical power

Base rotational speed of base generator 1.2 pu
speed
Pitch angle beta to display wind turbine 0

power characteristics

The parameters used in this study are shown in Table 1, where the mechanical output of power

| is 3000 W. It has a base electrical generator power of 1,111.11 VA and a base wind speed of 12 m/s.

The maximum power at base wind speed is 0.73 p.u, while the base rotational speed of the generator
is 1.2 p.u. The pitch angle employed is 0°.

Wind

Turbine PUSG Rectifier Converter Inverter Load

Battery MPPT

Figure 6. Block diagram of the wind turbine system with maximum power point tracking (MPPT).

Table 2. Parameters of permanent magnet synchronous generator (PMSG).

Parameters Quantities and Units
Back TEMF‘ waveform Sinusoidal
Rotor type Salient pole
Mechanical input Torque (Tm)
Stator phase resistance 0.00867 Q2
Inductances (Ld) 0.00286_ H
Inductances (Lg) 0.00344 H
Flux linkage 0.175 V.s.
Voltage constant 126.966_Q
Torque constant 1.05.N.m.

Wind turbine circuit diagram system with MPPT in the Simulink software, as shown in Figure
7, is an implementation of a block diagram of the wind turbine system with MPPT, as shown in
Figure 6. The wind turbine model in Simulink-Matlab software is presented in Figure 8.

| Comment [G3]: Please define if

appropriate.
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There are three inputs and one output of the system, as shown in Figure 8. The first input is the
speed of the generator from the rotor. There is a pitch angle measured in degrees, and in this study,
we use (°. The third input is the wind speed in m/s, adjusted for the simulated conditions, namely
both are constant and changing. The output of the turbine is the mechanical torque of the rotation.
The turbine is then connected to the PMSG generator.

This wind turbine system is adapted to speeds ranging from 3 to 15_m/s, with optimal
occurrence between 11:00 AM to 02:00 PM. Along with this condition, the off-grid system is required
to store the electrical energy produced. In this study, the generator used is a 3-phase PMSG type, as
shown in Table 2. The 3-phase power voltage generated uses a rectifier to achieve a 48_V de-DC
voltage, which can be connected to the battery, a converter, and an inverter to serve electric loads. As
shown in Figures 1 and 2, the MPPT is used to optimize generator voltage through rectifiers at boost
converter locations. Furthermore, rectifier parameters are used in this study, as shown in Table 3.

The power used is a bridge-type, where the ﬂ{d snubber circuits are connected to each switch device

in parallel form.

Comment [G4]: Please define if

appropriate.

Congh_‘ Generator speed (pu)

Pitch angle (deg) Tm (pu

Rotor speed, wm (radis) |:| Scope3
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Ts=2e-055
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:

Three-Phase

V-l
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200 volts, 6.5 Ah,
NHMH batterv
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Figure 7. Wind turbine circuit diagram system with MPPT in the Simulink-Matlab software.
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Figure 8. Wind turbine model in Simulink-Matlab software.

Figure 9 shows the model of the boost converter circuit in Simulink-Matlab. The parameters in
the boost converter are shown in Table 4. In order to determine the boost converter circuit, an input
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voltage (Vin) of 100_V, is used to test the system, as shown in Figure 10. Results obtained prove that
the model is able to produce the required voltage. Table 4 shows battery parameters, while the
inverter, which is a bridge of selected power electronic devices consisting of RC snubber circuits
connected in parallel with each switch device is shown in Table 5.

Table 3. Parameters of rectifier.

Parameters Quantities and Units
Number of bridge arms 3
Snubber resistance (Rs) 100 Q2
Snubber capacitance (Cs) 0.1.uF
Power electronic device diodes
Forward voltage (Vy) 0.8V

Continuous

Powergui

Scopel

X

Scope 3 Pulse
Generator

Product

n t N 992
Series RLC Branch 1 i l Display
o Dicde 2
HTLli e
J '

" DC Voltage Source ~ Mosfet 2

+

1
1
!

Figure 9. Boost converter model in Simulink-Matlab software.

Table 4. Parameters of battery.

Parameters Quantities and Units
Nominal voltage 300.V
Rated capacity 6.5 Ah
Initial state of charge 60%
Maximum capacity 7 Ah
Fully charged voltage 353.39.V
Nominal discharge current 1.3 A
Internal resistance 0.4615 Q
Capacity at nominal voltage 6.25 Ah
Exponential zone 325.42V, 1.3 Ah

Table 5. Parameters of inverter.
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Snubber capacitance

Power electronic device

Internal resistance

100k ©
Infinite
Mosfet, diodes

0.001.Q2

4.2. Evaluation of Perturb and Observe Algorithm

10 of 19

In the PO algorithm, the quantity of input is voltage, and the output is the current of PMSG
generator. These voltages and currents are further utilized in order to obtain a-mere-an eptimum
optimal output, as shown in Figure 7. The following stages are involved in the Perturb-and-Observe
PO algorithm process.
Initial voltage measurement is determined to study the exact value of the current PMSG
generator output voltage.

1

2)
3)

4)

5)

The pPower PMSG generator is measured to determine its current value.

The power difference is calculated to actuate the difference between the present and the
previously measured power.
The voltage and power are compared to figure out the process involved in the changes.
From this comparison, the generator voltage will be larger or smaller, depending on the
generator power and measured voltage differences.

If the above stages turn out to be successful, step 1 is repeated.

Table 6. Results of the PO algorithm validity test.

Wind Turbine Load
Number of . . Output Power
. Speed Rotation Resistance
Experiments W)
(m/s) (rpm) Q)
1 10 508.06 200 2032
2 10 508.06 200 2032
3 10 508.06 200 2032
4 10 508.06 200 2032
5 10 508.06 200 2032
6 10 508.06 200 2032
Mean 10 508.06 200 2032
Standard 0 0 0 0
deviation

After the PO algorithm is made-applied to en-the wind-—turbine system, its validity and
sensitivity are evaluated. In this study, the algorithm is valid if the standard value of deviation is less
than 1% in 6 experiments. This fact is also similar to its sensitivity, which is also conducted by
changing the wind speed.

A validity test is carried out to examine the results using the PO algorithm, and by conducting
repetitive experiments for fixed parameters with a particular input, followed by an observation of
mean and standard deviation from the experimental data. In this test, a winding rate of 10_m/s is
used as an input with fixed turbine--system parameters. The results of the algorithm validity test are
shown in Table 6.
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Table 7. Results of the PO algorithm sensitivity test.

Wind speed Generator Voltage Output Power

(m/s) V) W)
3 27.92 8.22
4 57.07 43.89
5 82.21 78.02
6 140.03 242.13
7 171.41 334.23
8 247.24 809.31
9 316.90 1201.18
10 348.62 1472.34

Generator Voltage of Wind Turbine System

Generator Voltage (V)
= = [ N W W =
4 8 3838 88 8 8

[=

3 4 5 6 7 8 9 10
Wind Speed (m/s)

Figure 10. Generator voltage of wind--turbine system.

Generator Power of Wind Turbine System
1600

1400
1200
1000

800

600

Generator Power (W)

400

200

3 4 5 6 7 8 9 10
Wind Speed (m/s)

Figure 11. Generator output power of wind--turbine system.

The test resulted to a standard deviation value of 0, which means that the optimization

| procedure produced the same value in each experiment; hence, the output power of the wind-
turbine system can be categorized as valid.

In order to determine the effect of the changes associated with the parameter values, a

sensitivity analysis of the PO algorithm is tested by varying the value of the wind speed between 3 to
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10 m/s with a fixed power generator value of 3000 W. In this experiment, 100 Q resistance was used,
and results obtained are shown in Table 7 and Figure 10. From the experimental results, it can be
seen that the higher the wind speeds the more significant the voltage and power of the generator.
This fact is because the rotor speed increases with a rise in wind speed, which also affects the power
generated. The results of experiments in Table 7 and Figure 11 also prove that same.

4.3. Performance Test of Wind--Turbine System

In this section, a test is conducted on the wind turbine systems in order to improve the
performance. Figure 12 and Figure 13 are used to test the Simulink Matlab performance with the
installation of MPPT controllers. Test results of the system performance with and without the MPPT
controller are shown in Table 8.

=]
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Figure 12. Wind--turbine system without MPPT in Simulink-Matlab software
Table 8 shows the results of the wind turbine system performance test from simulations in
Figure 12 and Figure 13. The performance test is carried out with a 3000 W wind turbine with
electrical loads of 50, 100, 200, and 300_Q, respectively in order to assess the performance of
the turbine while serving the increased load with and without the MPPT controller.

As seen in Table 8, the greater the electrical load served, the higher the output power of the
PMSG generator from the wind turbine. The most considerable output power is obtained when the
system serves the highest electrical load of 300 Q. Furthermore, the electrical load, and wind speed
variation, on the prevailing wind conditions in Indonesia (i.e., 4, 5, 6.5, 7, 8.5, 9, and 10_m/s), is
examined. Overall, the MPPT controller is able to increase the wind turbine system’’s power output
significantly. The average power increase after installing the MPPT controller using the PO
algorithm is 50.77%. The results are presented in graphical form to clearly analyze the effect of the
MPPT controller on various wind speed variations, as shown in Figures 14, 15, 16, and 17.

- \ ' Vollage Scoped Product Display4

Table 8. Results of performance test of wind--turbine system.

Performance test variables of wind turbine system

Load X

. Wind speed Without MPPT With MPPT Power
resistance

© (m/s) Output Electric Output Output Electric Output increasing

voltage Current power voltage Current power (%)
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V) (A) W \2) (A) (W)
50 4 33.76 0.67 22.62 33.83 0.69 23.34 3.20
5 54.09 1.08 58.42 60.05 1.15 69.06 18.21
6.5 71.51 143  102.26 73.21 153  112.01 9.54
7 83.03 1.66  137.83 85.92 1.81  155.52 12.83
8.5 124.24 242  300.66  130.54 2.77  361.60 20.27
9 140.41 2.81 394.55 147.52 3.14  463.21 17.40
10  174.35 349 60848  183.81 3.95  726.05 19.32
100 4 62.63 0.62 38.83 66.24 0.75 49.68 27.94
5 95.09 1.09 103.65 119.12 112 13341 28.72
6.5 137.64 1.38  189.94  149.02 1.81  269.73 42.00
7 160.12 1.62 259.39 171.41 2.05 351.39 35.47
8.5 23823 2.35  559.84 265.5 3.62  961.11 71.68
9  269.32 2,69 72447  296.04 4.07 1204.88 66.31
10 335.09 3.35 112255  348.61 4.45 1551.31 38.20
200 4 11651 0.58 67.58  134.81 1.14  153.68 127.42
5 189.89 0.89  169.00 215.66 1.65  355.84 110.55
6.5  240.64 123 29599  280.08 249  697.40 135.62
7 299.11 149  445.67  315.31 2.65  835.57 87.48
85  376.07 1.88 707.01  431.62 292 1260.33 78.26
9  438.01 251 1099.41  485.41 3.26 1582.44 43.94
10  547.11 2.73  1493.61 586.44 3.53 2070.13 38.60
300 4 166.03 0.55 91.32  184.25 1.03  189.78 107.82
5 234.09 0.89 20834  256.05 135  345.67 65.92
6.5  354.81 1.18  418.68  360.26 193  695.30 66.07
7 42622 144 613.76  412.06 2.07  852.96 38.97
8.5 574.05 1.93 1107.92  589.92 2.48 1463.00 32.05
9 48315 218 1053.27  658.09 2.69 1770.26 68.07
10 902.72 3.04 2734.67 817.71 3.72  2999.88 9.63
Average of power increasing (%) 50.77
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Figure 13. Wind—turbine system with MPPT in Simulink-Matlab software.
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Figure 14. Output power of wind--turbine system with load resistance of 50 Q.
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Figure 15. Output power of wind--turbine system with load resistance of 100 Q.
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Figure 14 shows the output power of the wind--turbine system with a load resistance of 50.Q. At
wind speeds of 4m/s, the turbine system without MPPT produces 33.76_V, and at an electrical
current of 0.67_A, and the output power of the turbine is 22.62 W. The application of an MPPT
controller on the PMSG generator side converter generated both voltage and current of 33.83_V and
0.69_A, respectively, resulting in output power of 23.34 W. In this case, the system output power is
increased by 3.20% before implementing the MPPT controller. Furthermore, the system performance
test with wind speeds of 5, 6.5, 7, 8.5, 9, and 10_.m/s, respectively, were examined. Based on the graph
in Figure 14, it can be concluded that the higher the wind speed that hits the turbine, the greater the
voltage, current, and output power with the best output recorded at 10_m/s. The condition without
MPPT produced a voltage of 174.35_V with a load current of 3.49 A, thereby, generating power of
608.48 W.

Furthermore, with the application of the MPPT controller, there is an increase in voltage, load
current, and system output power of 183.81V, 3.95 A, and 726.05 W, respectively. When compared
to the condition before the application, an increase in system output power by 19.32% is displayed.
Based on the graph in Figure 14, the best performance of the MPPT controller in increasing the
output power occurs precisely at wind speeds of 8.5 m/s, where the percentage increase in output
power is 20.27%. Overall, it can be seen that the MPPT controller using the PO algorithm has
successfully improved the performance of wind turbine systems.

The output power of the wind turbine system with a load resistance of 100 € is shown in Figure
15. At a wind speed of 4 m/s, and without MPPT, the system produces a voltage of 62.63_V and an
electric current of 0.62_A to serve the load resistance of 100 Q, with an output turbine power of 38.83
W. Furthermore, the application of the MPPT controller on the PMSG generator side converter, as
well as the voltage and current generated was 66.24 V and 0.75_A, respectively, resulting in output
power of 49.68 W. This result means that the system output power is increased by 27.94% compared
to when the MPPT controller wasn’t-was not implemented. Furthermore, the system performance
test with a wind speed of 5, 6.5, 7, 8.5, 9, and 10_.m/s, was examined. Based on the graph in Figure 15,
it can be seen that the higher the wind speed, the greater the voltage, current, and output power of
the system. The results show that the best output is produced with a wind speed of 10 m/s. Without
applying the MPPT, the voltage produced was 335.09_V with a load current of 3.35_A, and power of
1,122.55 W.

Furthermore, with the application of the MPPT, there is an increase in voltage, load current, and
system output power of 348.61_V, 4.45_A, and 1,151.3_W, respectively. When compared to the
condition before the application of the MPPT, an increase in system output power by 38.20% is
noticed. Based on the graph in Figure 15, it can also be seen that the best performance of the MPPT
controller in increasing the output power of the system occurs precisely at the of 8.5.m/s wind speed,
where the percentage increase in output power is 71.68%. Overall, it can be seen that the MPPT
controller using the extended PO algorithm has successfully improved the performance of wind-
turbine systems.

Output Power of Wind Turbine with Load Resistance of 200 ohms
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Figure 16. Output power of wind turbine system with load resistance of 200Q.
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Figure 17. Output power of wind--turbine system with load resistance of 300 Q.

Figure 16 shows the output power of the turbine system with a load resistance of 200_Q. At a
wind speed of 4 m/s, and without implementing the MPPT, it produces a voltage of 116.51 V and
electric current of 0.58_A to serve the load resistance of 200_Q with an output power of 67.58 W.
Along with the application of the MPPT controller on the PMSG generator, both voltage and current
of 134.81 V and 1.14 A were generated, which resulted in output power of 153.68 W. Furthermore,
the system performance test with wind speeds of 5, 6.5, 7, 8.5, 9, and 10_m/s, respectively, was
examined. Based on the graph in Figure 16, it can be seen that the higher the wind speed, the greater
the voltage, current, and output power of the wind turbine system. The results show that at a wind
speed of 10.m/s, the system produces the optimal output.

Similarly, without implementing the MPPT, 547.11_V with a load current of 2.73_A were
produced, which generated a total power of 1493.61 W. However, with the application of the MPPT
controller, an increase in voltage, load current, and system output power of 586.44_V, 3.53_A, and
2070.13 W, respectively, was recorded. When compared to the condition before the application of the
MPPT, the system output power is increased by 38.60%. Based on the graph in Figure 16, it can also
be seen that the best performance of the MPPT controller in increasing the output power of the
system occurs precisely when the wind speed is 6.5 m/s, with an output percentage power output of
135.62%. Overall, implementing the MPPT controller using the extended PO algorithm has
successfully enhanced the performance of wind turbine systems.

The output power of the wind turbine system with a load resistance of 300 Q2 is shown in Figure
17. At wind speeds of 4m /s, the system without MPPT produces a voltage of 166.03 V and electric
current of 0.55_A which is used to serve the load resistance of 300 Q with an overall output power of
91.32_ W. The application of the MPPT controller on the PMSG generator produced a voltage and
current of 184.25 V and 1.03_A, respectively, with an overall power output of 189.78 W. In this case,
the system output power increased by 107.82% compared to when the MPPT controller wasn“t-was
not implemented. Furthermore, the system performance test with wind speeds of 5, 6.5, 7, 8.5, 9, and
10m/s, respectively, was examined.

Based on the graph in Figure 17, the higher the wind speed, the greater the voltage, current, and
output power of the wind turbine system. The results show that the system produces an outstanding
wind speed of 10_m/s. Without the implementation of the MPPT, the generated voltage is 902.72_V
with a load current of 3.04 A, thus creating a power of 2,734.67 W. Furthermore, with the application
of the MPPT controller, there is an increase in voltage, load current, and system output power of
817.71.V, 3.72_A, and 2,999.88 W, respectively. When compared to the initial condition, an increase in
system output power by 9.63% can be detected. Based on the graph in Figure 17, the best
performance of the MPPT controller in increasing the output power of the system occurs when the
wind speed is 4 m/s, with a percentage increase in output power of 107.82%.
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Based on the results of the overall wind—turbine system performance test, the most significant
increase in system output power occurs when the system is loaded with 200.Q, with a wind speed of
6.5 m/s. In this condition, there has been a high increase of output power by 135.62%, caused by the
installation of the MPPT controller in the wind—turbine system, while the average growth of output
power is only 50.77%. Thus, it can be concluded that MPPT uses-using the extended PO method in
this study has been proven to be able to increase the performance of wind--turbine systems.

5. Conclusions

In this study, the research of wind-—turbine system performance using an MPPT controller
based on an extended PO algorithm was performed. This algorithm can calibrate without oscillation
to determine the maximum power output. To analyze the performance, the Simulink-Matlab
software was employed. The performance examination is carried out with a 3000_W wind--turbine
system which served varying electrical loads of 50 Q, 100.Q, 200 Q, and 300 Q, respectively. In each
of the variations, various wind speeds based on the prevailing wind conditions in Indonesia, i.e., 4,
5,6.5,7, 85,9, and 10_.m/s, respectively, were performed. Based on the results of the overall wind-
turbine system performance examination, the most significant increase in system output power
occurs when the system is loaded with 200.Q with a wind speed of 6.5 m/s. Similarly, the installation
of the MPPT controller increased the output power by 135.62%, with an average power increase of
50.77%. The benefits of developing this PO algorithm include eliminating oscillation problems
which occur due to fluctuations in power when it reaches maximum value. With the modification of
the algorithm, this is expected to decrease due to the change of the value of AD, resulting in faster
convergence of the computation. The results of this study have preven-proved that an extended
PO-based MPPT; is capable of successfully enhancing the performance of wind--turbine systems.

Author Contributions: Conceptualization, Ramadoni Syahputra; Data curation, Indah Soesanti; Formal
analysis, Ramadoni Syahputra; Funding acquisition, Indah Soesanti; Investigation, Ramadoni Syahputra;
Methodology, Ramadoni Syahputra; Project administration, Indah Soesanti; Software, Indah Soesanti.

Funding: This research was funded by the Directorate General of Development and Research Enhancement,
Ministry of Research, Technology, and Higher Education of the Republic of Indonesia, under Research Grant
scheme, grant number 144.t/A 3-11I/LP3M/IV/2019.

Acknowledgments: The authors gratefully acknowledge the contributions of the Directorate General of
Development and Research Enhancement, Ministry of Research, Technology, and Higher Education of the
Republic of Indonesia, for funding this research. The authors also express their deepest gratitude to Hammami
Ahmad Zaini, who helped a lot in this research.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Table Al. Abbreviations-Eists
Abbreviation Meaning
AC alternating current
DC direct current
EMF electro-motive force
FLC fuzzy logic controller
GW giga watts

MPPT maximum power point tracking
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PMSG permanent magnet synchronous generator

PO perturb and observe

PWM pulse width modulation

RC resistance-capacitance

A the area of cross-sectional coverage, in m?

(@ the coefficient of electric power of the wind turbine system
Cs snubber capacitance

I electric currents, in amperes

p the electric power of the wind turbine system, in watts
Rs Snubber resistance

T the torque of generator, in Nm

14 electric voltages, in volts

\%; forward voltage, in volts

v wind velocity, in m/s

) rotational speed of the rotor, in rad/s

A the ratio of tip speed

p the mass density of the air type, in kg/m?
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