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Maximum power optimization of a direct-drive wind turbine
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This work aimed to develop and evaluate a maximum power point tracking
(MPPT) control system for a wind energy conversion system (WECS) based
on a permanent magnet synchronous generator (PMSG). PMSG is
commonly used to generate direct-drive and variable-speed wind energy.
Initially, the generator and converter on the DC load side are controlled to
follow the wind speed reference set by the MPPT algorithm. The paper
presents the optimization problem formulation, including the optimization
space, constraints, and objectives. The genetic algorithm (GA) is used to
extract the maximum power from the WECS in this design improvement. In
this study, to control and stabilize the maximum power point (MPP) of the
wind turbine, a proportional integral (PI) controller and a GA heuristic
approach were utilized. The GA approach was employed to determine the
best settings (Kp, Ki) using MATLAB/Simulink with a 12.3 kW PMSG to
model and simulate the proposed system. Based on four performance
indicators-integrated squared error (ISE), integrated absolute error (IAE),
integrated time absolute error (ITAE), and integrated time squared error
(ITSE), the GA approach was used to optimize the controller settings. The
results of the simulation show that the wind turbine (WT) can effectively
track the necessary MPP. The simulation's output also includes generated
power, DC bus voltage, electromagnetic torque, and currents.
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1. INTRODUCTION

With the rising price of nuclear and fossil fuels, there has been a growing emphasis on harnessing
sustainable energy sources. Renewable energy options, like that wind energy, have gained significant
attention due to their dependability, accessibility, and environmentally friendly nature [1], [2]. Wind turbines
have a crucial part in converting wind energy into electrical power efficiently by adjusting their shaft
acceleration to operate optimally across various wind speeds [3], [4]. Among the wind energy conversion
systems, turbines equipped with permanent magnet synchronous generators (PMSGs) have garnered

significant interest.

PMSGs offer advantages such as a simple structure, low-speed operation, ease of maintenance, and
high reliability. These generators utilize power converters to control the maximum power point tracking
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(MPPT) for different wind speeds, thus ensuring maximum power extraction [5], [6]. However, variations in
wind speed can cause fluctuations in turbine rotor speed, necessitating effective MPPT algorithms to find the
optimal power point and enhance overall system performance [7]. This research proposes using the
incremental conductance method (INC) for MPPT in wind energy conversion systems (WECS).

Existing MPPT methods, including the INC approach, can be affected by the nonlinear interaction
between environmental variables and the maximum power point. To address these issues, several MPPT
techniques have been developed [8]. The INC strategy, although straightforward, relies on adjusting the duty
cycle using the proportional-integral (PI) controller to achieve the maximum power point. However,
accurately identifying stable regulator characteristics with various parameters proves to be a challenge [9].

To overcome these challenges, our research proposes a novel technique to predict the area of
stability based on the PI controller's parameters. We aim to employ genetic algorithm (GA) optimization to
fine-tune the PI controller's parameters, achieving positive outcomes, such as reduced setup time and
improved voltage, current, torque, and power responses [10]. By utilizing the GA heuristic strategy, we can
determine the optimal settings for the PI controller, and we have implemented and tested this approach using
the MATLAB/Simulink system. The primary objective is to regulate the DC-DC boost converter effectively,
generating that ideal voltage for achieving the maximum power point in wind energy conversion systems
(WECS). This study makes a significant contribution by incorporating the GA-based soft technology to
modify the specifications of the proportional-integral (PI) controller. Within the subsequent sections of this
paper, we will delve deeper into the details of the proposed GA-based optimization approach for the Pl
controller and discuss the simulation setup and results. We will also compare our findings with existing
classical technique, displaying the advancements and benefits offered by our novel approach.

2. THE PROPOSED SYSTEM

The wind turbine (WT) uses wind speed as an input to produce mechanical power. By maintaining
the optimum stable voltage throughout that load, MPPT control algorithms will accustomed to acquire
maximum power output among the wind that is available. Numerous MPPT approaches have been used to
(WECS) in earlier literature. DC/DC converters function as MPP monitor and link wind energy conversion
systems [11] to diverse load needs. Buck-boost and buck-boost converters most used. The efficiency of
WECS tracking devices has already been significantly improved by a significant amount of study. Due to a
multitude of variables, including accuracy while determining the genuine MPP, cost, convergence speed, and
sensitivity, it is essential to choose that optimal MPPT Regarding the work. No matter how much the load or
input voltage fluctuates, the controller must always keep the voltage regulated [12].

The suggested energy conversion system is founded on a permanent magnet synchronous generator
(PMSG). This device offers crucial characteristics for wind energy applications, including minimal rotor
losses, a soft start, and permanent magnet magnetization. The proposed architecture of the wind energy
conversion system is demonstrated in Figure 1. The system includes a diode bridge rectifier, a boost
converter, a permanent magnet synchronous generator, and a wind turbine. The output of the rectifier is
connected to a DC-DC boost converter. The boost converter receives that maximum power point tracking
(MPPT) control signal, which increases that voltage across that load.
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Figure 1. Schematic of maximum power optimization of WECS

2.1. Modeling of wind turbine
That wind turbine's (WT) mechanical power generated is determined by:

1
P, = EpAcp()\,H)v3 )

where, p is the air density (kg/m?), A is the swept area (m?), cp is the performance coefficient of the turbine
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which is a function of the pitch angle of rotor blades B (in degrees), and v is the wind speed (in m/s). A: The
tip-speed ratio. The (2) represents the ideal rotor speed at which the turbine works at maximum power [13].

@)

Where R and o, are the blade length (in m) and the wind turbine rotor speed (in rad/sec), respectively. The
wind turbine mechanical torque output Tm offered as [14].

A=wyR/V

T =5 (PAC (A, B)V®) /ooy ©)

Due to the modeling turbine features mentioned in [15], that coefficient of power conversion
cp = (A, B) is modelled using that following general equation: a mechanical output power turbine is depicted
in Figure 2 as a result of turbine speed in several wind speeds [16].

21
1,116

-G
Cp = E (Tl - 048 - 5)6 A (4)
1 1 0.035
A A+0.088  B° ®)

Also, Figure 2 characteristics show that there is a certain turbine speed at so it the most power may
be generated since each wind speed. For instance, only when a turbine speed is kept at 1.2 pu can the
maximum power be collected derived from a wind speed of 12 m/s. Consequently, the aforementioned
circumstance suggests that Cp can only be kept at a tall value if the rotor speed is changed to the best
working point for various wind velocities. A hypothetical wind turbine's highest efficiency is 16/27, or
59.25%. For all practical purposes, the efficacy varies between 25% and 45%. The Table 1 contains the
dimensions of wind turbine.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Figure 2. Turbine power characteristics
Table 1. Wind turbine parameters

S.L. Dimensions Value

1 Minimum mechanical output power 12.3 kw

2 Initial wind speed 12 m/s

3 maximum mechanical power (of nominal wind speed pu)  0.85 pu

4 Base rotor speed 1.2

5 Beta frequency angle 0°

2.2. PMSG modeling

Its d-q equivalent circuits serve as a paradigm for PMSG. In synchronous d-q coordinates, a surface
mounted PMSG's equations are written as:
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digs

Vas = R + Ly =5

— We Lsiqs (6)

di .
T WeLisigs + wetp (7

Vgs = Rgigs + Lg
where Ls is the inductance of the stator winding, Rs is the resistance of the stator winding, Vs, Vs, igs, and igs
are the d-q components of the stator voltage and current, respectively, y is the magnetic flux, and w is
electrical angular speed of the generator. The generator's output power and electromagnetic torque are
provided as [17], P is the generator's pole number. That Table 2 contains the dimensions of the PMSG

T. = ;Ellﬂ'iqs (8)
3P . 3 . 3 .
Rgen = Eglplqswm - ERslés - ERslzZis (9)

Table 2. PMSG modeling dimensions

S.L. Dimensions Value

1 Resistance stator Rs 0.45573 ()

2 Inductances [ Ld, Lgq]  [0.395 mH,0.395 mH]
3 Nombre of Poles 3

4 Rotor Inertie 0.0026J

5 Fluid damping F 0.004925 N.m.s*

6 Flux Linkage ¢ 0.1194 wb

2.3. DC-DC converter of boost

An IGBT anti-parallel diode transistor, an ultrafast diode, a capacitor, and an inductor make up the
converter under investigation. According to Figure 1, the MPPT-based controller provides a pulse width
modulation (PWM) signal the controls the switching IGBT converter's boost. The computation the
appropriate duty cycle is important in order to regulate this DC-DC converter of boost circuit. To be able to
compute PWM, an incremental inductance (INC) approach is used. Table 3 shows component values of the
DC-DC boost converter.

Table 3. Measurements of the DC-DC boost converters elements

S.L. Dimensions Value

1 Inductor 0.45573 uH
2 Source Capacitor 0.066094 uF
3 Load resistor 500 Q

4 Switching frequency 50 kHz

2.4. Three phase AC-DC converter

The most straightforward, affordable, and durable architecture utilized in power electronic
applications is the unregulated rectifier. Although it is not necessary in our situation, this diode rectifier's
inability to operate in a bi-directional power flow is a drawback. The boost converter and rectifier circuits are
linked to the generator. It is expected that diode bridge rectifier circuits are utilised convert an AC
energy from the generator to DC power. A three phase diode rectifier's average DC voltage and current
values [18], [19].

2.5. Incremental conductance method (INC)

The Incremental technique is required to maximize one's power energy feasible at all times. For
wind turbines with variable and constant speeds, the method demonstrates that we are circling the desired
operational point. The immediate conductance I/V and incremental conductance dl/dV are especially in
comparison in the INC technique to ascertain the MPP. The maximum power point is identified using the
INC approach, which is founded on observation this peak of the PV curve is zero at MPP. When the point of
operation is distant by that MPP, that move size is big for quick tracking whereas it is less when the turning
point is near to the MPP to decrease steady state oscillation. The authors present a novel way for applying the
incremental conductance method (INC) utilizing a PMSG generator. This INC approach needs a DC/DC
conversion stage to be put into practice. As the PMSG's output power is AC, multiple topologies are used in
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the literature study to convert AC to DC. The three phase AC-DC rectifier plus DC-DC boost converter are
used in WECS, the previous studies claims that this topology has an extra benefit due to the intermediate
boost-improved converter's dependability, making it the best back-to-back converter alternative. The authors
examined a wide range of MPPT techniques, compared them, and denounced the release of MPPT
techniques. They came to the conclusion that, based on the effectiveness It is recommended to employ one of
each approach the incremental conductance method with direct control because optimum power occurs at the
location where the different versions of dP/dV = 0 [20].

a _ 1

av -~ v (10)
s> (11)
2ol &
S=0 (13)

The MPPT controller measures the voltage and current of the PV module whereas the incremental
conductance approach utilizes (13) to detect the MPP. (11) is satisfied, the reduce the duty cycle of the
converter. The duty cycle ought to be raised if condition (12) is satisfied. The duty cycle shouldn't be altered
if (13) is reached.

2.6. Proportional integral controller design

Proportional integral, or PI for short, it a type in device employed in industrial settings to control
numerous process factors. All the every process parameters in this controller are governed by a control loop
feedback device to direct a structure toward an otherwise level of goal [21] location, use this type of
command. In order to keep a technique's true output as near to the objective as is practical, this controller
uses closed-loop feedback; if this is not possible, fixed-point output is employed; the transfer function c(s)
provided by [22] (14); without a doubt, [23], [24] the process control industry's most widely utilized control
algorithm is the PI controller. The primary reason is it many advanced control systems, the foundation for
such predictive modeling is its relatively basic structure, which is straightforward to comprehend and put into
practice. There is no widely acknowledged design technique for the controller despite its widespread use.
traditionally, PI controllers have been adjusted experimentally, for example, using the Ziegler and Nichols
approach (1942). This approach has the huge advantage of needing minimal effort knowledge however, there
is, a considerable drawback due to the technology naturally offers extremely poor damping.

o(s) = K, + 2 (14)

In this paper, the Pl parameters will be changed using the tuning technique, multi-objectives genetic
algorithm (MOGA), which have been found to achieve beneficial Pl gains and enhance controller efficiency,
have lately gained popularity as a means of optimizing the value of Kp and Ki. The block graph of MOGA
with a Pl controller in Figure 3. That illustrates how MOGA will adjust the gain worth to reduce the
difference tween the reference values and feedback [25].

GA Tunning
Method

Figure 3. Turbine power MOGA desing method of the PI controller

3. METHOD
The genetic algorithm is one of the most advanced evolutionary algorithms that employs approaches
drawn from natural processes like reproduction, mutation, selection, and crossover to produce answers to
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optimization issues. The fundamental goal of this method is to identify a size of population. Every member
among this group represents a set of dimensions. The following phase entails choosing the people who
minimize the fitness function. The procedure is repeated premised on the new population until the error
reaches a specified threshold. Genetic algorithms (GA) techniques distinct from other traditional optimization
methods in that instead than focusing on a single spot, they work with a population of individuals and may
after the identification of control or decision-making factors, that are chromosomal rather than directly
controlling functions or variables [25]. In contrast to other approaches that rely on auxiliary data, such as the
derivative, this optimization strategy optimizes due to the dimensions of the functions. Genetic algorithm
transitional principles are stochastic, in contrast to many other approaches' deterministic transitional
principles. The diagram in Figure 4 displays a fundamental genetic algorithm. GA's evolutionist look is only
due to a fitness function, and it employs each individual's fitness value as the search input. As a result,
selecting the appropriate fitness function is essential since it directly affects the GA's ability to converge fast
and find the optimum solution. Determine the fitness function and the goal function of the specific issues in
compliance as for the requirements of being single, continuous, nonnegative, and maximizing. In order to
optimize the value of (kp, ki) gains of the PI controller made via GA, it is vital to pick a suitable fitness
function. Numerous publications use the integral of absolute magnitude of error (IAE), integral time
multiplied by absolute error (ITAE), integral of the squared error (ISE), and Integral time multiplied by
squared error (ITSE) in this paper we will compared the four already cited objective function of error.
These goal functions are theoretically expressed as follows to be able to calibrate the (kp, ki) of
the PI controller [26]:

— Integral of time multiplied by absolute error (ITAE) is the erroneous signal's average duration.

ITAE = Y™ t]e(t)| (15)
— The integral of the square of the error (ISE), known as the energy of the erroneous signal.
ISE = Yma* e(t)? (16)

— Integral of the absolute magnitude of the error (IAE), often known as the error signal's absolute value
integral.

IAE = Y |e(t)] (17)
— Integral of time multiplied by square error (ITSE) is the error signal's quadratic mean time.

ITSE = Yo" te(t)? (18)
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Figure 4. Diagram of genetic algorithm method
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4. RESULTS AND DISCUSSION

MATLAB/Simulink software is when simulating the specified mechanism so that they may be
examined functioning among the suggested WECS with MOGA. The four fitness function specification code
is created before it is included in the optimization tool. Table 4 presents the standard initial settings used in
simulations of GA algorithms. Figure 5 demonstrates the MATLAB/Simulink programming design for the
GA to PI controller this project proposes a 12.3 kW as generated WECS based power, DC-DC bus converter
voltage, load current, output power, and torque electromagnetic of the system were obtained. To build a
PMSG under a set of requirements and restrictions: time parameters and power optimization is presented in
this section. A toolkit for genetic algorithms built on MATLAB was used to complete. The majority of
design optimization techniques involve using an algorithm that evaluates dependent variables in a machine
model with independent variables as inputs. These inputs are then varied to maximize an objective function.
The subsections below present the optimization variables The MOGA technique, founded on ITAE, IAE,
ISE, and ITSE criteria provided to the MATLAB workspace, is utilized to determine the ideal Pl values. To
assess the system's dynamic behavior under a unit step response, several standard performance metrics that
have been chosen, considering their relevance to the wind turbine (WT) system. The following criteria have
been chosen to categorize and rate the system's performance i) Stability: this criterion evaluates the major
points of the essay using settling time and overshoot as references. ii) Speed: the objective is to reduce dead
time, which is equally important as the first criterion. The criteria for rising time and settling time are
examined to quantify the value of this criterion. iii) Accuracy: the steady-state error parameter measures the
accuracy of a control system. These selected standards play a crucial role in evaluating and enhancing that
performance of that WT system's control strategy, particularly when subjected to a unit step reaction. By
considering these indicators, the design optimization process aims to achieve an efficient and reliable wind
power generation system.

Table 4. GA parameters

S.L. Dimensions Value
1 Generation 100
2 Population size N 40
3 Reduced bound [-20 200]
4 Upper limit [20 200]
5 Selection process  Stochastic uniform
6 Elite count 0.04
ITAE
o
— L ine 57
ISE | ise [ o
-
ITSE  Je&——|itse Vdoje-" | o ie
To Workspace Ki pulse
i KR P Kp
Eésgrsetse GA Tunning ‘
Method »{Ki
‘ Incremental Conductance
‘ and P| Controller
EM Torque [
E P Beta P pulse
Bota Va Va Vdc ‘ d Vout + B qvV+
ldo g Vin + Vout |
Vb p—od Vb |
1 V+p
Wind Speed Vout - bt oV
Vm/s Ve p—a Ve V-p ’—‘ gV
Wind Turbine AC-DC DC-DC Boost DC Load and
and PMSG Converter Converter Measurement

Figure 5. Simulink presentation of WECS chain with MOGA

The results obtained from the proposed PI controller with MPPT without MOGA and the proposed
Pl controller with MPPT optimized with MOGA are compared in this section. A detailed analysis
and comparison of the test findings are presented to highlight the differences between the two approaches.
Figure 6 presents the DC bus voltage profile of the system with and without MOGA optimizing the PI
controller at a wind speed of 12 m/s. The intended reference DC bus voltage for the system is 177.19 V. With
the PI controller without MPPT, it took 0.035 s to reach the reference DC bus voltage and 0.05 s to stabilize.
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In contrast, the improved system reached the reference DC bus voltage in 0.015 s and stabilized in 0.02 s,
demonstrating a faster response.

However, it is important to note that the optimized controller with MOGA shows a significant
voltage overshoot compared to the system without MOGA. Despite the overshoot, the system utilizing GA
optimization control achieves the reference 177.19 V DC bus voltage more quickly and stabilizes without
further oscillation. The suggested improved system offers more suitable and appropriate outcomes in terms of
WECS security. The main parameters studied in this research were produced power, response time,
electromagnetic torque, and currents. That comparison and analysis of these parameters highlight the
advantages of the proposed MOGA approach for optimizing the Pl controller in the wind energy conversion
system. As shown in Figure 7, that PMSG machine initially operates in motor mode. In this figure, it can be
observed that the proposed MOGA for optimizing the PI controller consumes only 10.20 kW of power at its
maximum, whereas the Pl controller system without MOGA consumes 20 kKW. Afterward, both systems start
producing power. The system is expected to generate 10.20 kW of power at a nominal wind speed of 12 m/s.
The DC bus voltages of that designed system were also examined.

30
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- - ~Without MOGA |4 - - -Without MOGA
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N
A

-
-]
T

Voltage
- -
o (3.
o (=]
Power (kw)
N
-] N
‘
'
!

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
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Figure 6. Simulation result of voltage response with Figure 7. Simulation result of power response with
and without MOGA after DC-DC hoost converter and without MOGA after DC-DC hoost converter

As shown in the current figures (Figure 8), the phase currents of the Pl-controlled structure with
MPPT are greater than those of the Pl-controlled structure with GA-optimized MPPT. However, from the
final results, it is evident that the response time of the GA-optimized Pl-controlled WECS is superior to the
response time of that non-optimized Pl-controlled WECS. An analysis of the torque response (Tem) in the
proposed system was also performed from an electromagnetic torque perspective, as shown in Figure 9.
Compared to the typical non-optimized controller, the PMSG with the aid of the upgraded controller
achieved the reference torque more quickly. The optimized controller successfully tracked the reference
torque value, resulting in a smoother Tem curve using the suggested approach. Upon examining the results, it
is clear that the response time of the non-optimized structure is greater than that of the optimized structure.
The GA-optimized Pl controller demonstrates better performance in terms of torque response and faster
tracking of the reference values, contributing to the improved overall system performance in the wind energy
conversion system.
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Figure 8. Simulation result of current response with Figure 9. Simulation result of current response with
and without MOGA after DC-DC boost converter and without MOGA after DC-DC boost converter
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Figures 10 to 13 depict the closed-loop step response of the specified voltage, power, and set
current, and electromagnetic torque using the MOGA algorithm. These figures provide information on the
rising time, settling time, overshoot, and steady-state error values, which have been summarized in Table 5.
The MOGA algorithm's performance is evident from the step responses, indicating improved control and
system behavior in the wind energy conversion system.
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Figure 11. Voltage output with the four fitness
factors After DC-DC boost converter

Figure 10. Power output with the four fitness factors
After DC-DC boost converter
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Figure 12. Current output with the four fitness
factors After DC-DC boost converter

Figure 13. Torque output with the four fitness factors

After DC-DC boost converter

Table 5. Numerical performance measured of the closed loop response with four objective functions

S.L. Criterion ISE ITAE IAE ITSE

Voltage 1 Kp 7.0656 0.0122 0.7550 23.0189
2 Ki 7.0656  0.0122 0.7750 23.0189

3 Settling time (ms) 18.3515 0.5024 2.2466 23.1999

4 Rise time (ms) 0.0370  0.0369 0.0380 0.0373

5 Overshoot (%) 0.0115 0.0113 0.0114 0.0116

6 The steady state error ~ 0.0755  0.0354 0.0972  0.0822

Power 1 Settling time (ms) 0.0398 0.0397 0.0423  0.0403
2 Rise time (ms) 0.0133 0.0132 0.0135 0.0134

3 Overshoot (%) 1.7966 13251 1.4686  1.6042

4 The steady state error  0.7852  0.0347  0.0658  0.0857

It is observable from Table 5 that the rising time and settling time obtained using the ITAE objective
function are preferably less compared to those obtained using the (IAE, ISE, and ITSE) criteria. However, the
overshoot rate is somewhat higher when employing the ITAE criterion, while the ITSE function yields a
noticeably better result. In general, the rising time and settling time values obtained using the various GA
optimization objective functions are closer. This indicates that the ITAE objective function provides
improved performance in terms of system response time and stability. The various PWM signals controlled
by the MOGA are depicted in Figure 14. By adjusting the Kp and Ki parameter values, it can be observed
that, as expected when using an optimization strategy, a distinct PWM signal is generated to drive that
transistors for each of that four computed values obtained through the proposed method.

Maximum power optimization of a direct-drive wind turbine connected to PMSG using ... (Najoua Mrabet)
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Figure 14. PWM output using the four fitness functions

5. CONCLUSION

Demand for extremely dependable wind power, despite lower output. For both constant and
changing wind speeds, the dynamic modeling of wind turbines, equation-based modeling of PMSG, and
implementation of MPPT controllers using MATLAB/Simulink have all been researched and analyzed.
Utility activities, power markets, and electricity dispersion are all negatively impacted by variable
penetration rates brought on by variations in wind intensity. The results of this research on voltage, current,
torque electromagnetic and power legislation.

Suggest that the best tuning parameters for the PI controller may be found using a genetic algorithm
(GA) technique. Under typical test conditions, the multi-loop control approach has been employed to
simulate the synthesis of the wind MPPT system application. The settling time and the least overshoot have
been calculated with the integrated time absolute error (ITAE) criterion. It is significant to highlight that the
ITAE criterion may be used to change the wind MPPT system's strategy control in a technically sound and
extremely helpful way. Even in the presence of a severe disruption, the simulation results on the WECS show
how well and how long-lastingly the GA approach can be used to quickly follow the intended internal
parameters. Analysis of the moving display of the MPPT structure has taken into account rising time, settling
time, and overshoot rate. The stability, speed, and damping quality of the system are all described by these
three parameters. The results obtained WECS demonstrate good system performance overall, demonstrating
the wisdom of the MOGA approach for Pl dimensions optimization proposed in this brief and the PI
controller tuning approach employed.

Looking ahead, the research on wind power generation can be further extended to explore advanced
control techniques, incorporating artificial intelligence (Al) algorithms and predictive models. Additionally,
investigating the integration of energy storage systems to enhance the stability and reliability of wind power
plants during varying wind conditions could be a valuable direction for future research. Furthermore, real-
world testing and validation of the proposed control strategies on larger-scale wind farms can provide
practical insights for industry adoption and implementation
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