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Abstract

This study tackles the complex task of integrating wind energy systems into the electric grid,

facing challenges such as power oscillations and unreliable energy generation due to fluctu-

ating wind speeds. Focused on wind energy conversion systems, particularly those utilizing

double-fed induction generators (DFIGs), the research introduces a novel approach to

enhance Direct Power Control (DPC) effectiveness. Traditional DPC, while simple, encoun-

ters issues like torque ripples and reduced power quality due to a hysteresis controller. In

response, the study proposes an innovative DPC method for DFIGs using artificial neural

networks (ANNs). Experimental verification shows ANNs effectively addressing issues with

the hysteresis controller and switching table. Additionally, the study addresses wind speed

variability by employing an artificial neural network to directly control reactive and active

power of DFIG, aiming to minimize challenges with varying wind speeds. Results highlight

the effectiveness and reliability of the developed intelligent strategy, outperforming tradi-

tional methods by reducing current harmonics and improving dynamic response. This

research contributes valuable insights into enhancing the performance and reliability of

renewable energy systems, advancing solutions for wind energy integration complexities.

1. Introduction

Today, the significance of generating electricity from renewable energy systems is steadily

increasing due to the escalating shortage of conventional energy sources and the pressing issue

of global warming. Furthermore, the utilization of carbon accounting serves as a crucial tech-

nique for estimating the amount of carbon emissions produced by an organization,
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particularly in relation to electricity delivery. This is especially relevant as more industries and

individuals actively participate in carbon reduction initiatives [1]. Additionally, the ability to

limit the rise in global temperature to 1.5˚C and achieve the CO2 reduction targets by 2050

may rely on the widespread adoption of renewable energy sources (RESs) coupled with

increased electrification [2]. In light of advancements in technology, wind energy has emerged

as one of the most promising renewable energy sources worldwide, primarily due to its

remarkable efficiency and adaptable control capabilities [3].

The conversion of wind energy into mechanical energy within the Wind Energy Conver-

sion System (WECS) necessitates subsequent conversion into electrical energy. This conver-

sion process mandates a harmonious interaction between the mechanical turbine and the

electrical generator, emphasizing the need for both an electrical control system for the genera-

tor and a mechanical control system for the turbine to ensure reliability and efficiency [4].

However, a critical consideration prior to the development of the controller is the appropriate

selection of the generator. Constant-speed operation, despite its drawbacks such as low con-

version efficiency, direct impact of varying wind speeds on electrical utility, and high sensitiv-

ity to voltage drops and grid faults [5], has been surpassed by the adoption of variable-speed

wind generators [6]. Various types of generators are used in wind energy production, includ-

ing asynchronous, synchronous, DC, and doubly-fed induction generator (DFIG) [7–10].

Presently, the most prevalent generator type employed in wind turbine systems is the doubly-

fed induction generator [11–13], which offers an extensive range of advantages [14]. In this

system, the rotor windings of the generator are connected to the power grid via an AC-DC-AC

converter, while the stator windings are interconnected in series with the grid.

Integration wind energy systems into the power grid can create difficulties due to the

unpredictable nature of wind speed. These fluctuations lead to issues such as power oscillations

and inconsistencies in energy generation, which can have adverse ripple effects on the electro-

magnetic torque of the generator. Based on existing literature, researchers express significant

concern about enhancing this conversion process. For instance, some focus on increasing the

level of wind penetration [15, 16], while others explore the option of utilizing a battery charge

controller for energy storage [17–19]. On the other hand, several control approaches have

been proposed to enhance the performance of Wind Turbine Systems (WTS) based on Dou-

bly-Fed Induction Generators (DFIG) during normal operations [20]. Among these

approaches, two prominent control techniques for DFIG are field-orientation control (FOC)

and direct power control (DPC) [21]. Field-orientation control, implemented using a propor-

tional integral (PI) controller, aims to decouple the variables of the machine, making it resem-

ble a direct-current generator [22]. This technique continues to be widely utilized due to its

clarity and straightforward implementation [23]. Furthermore, the design of PI parameters

significantly influences the dynamic performance of DFIG under FOC. In many applications

of Wind Energy Conversion Systems (WECS), the classical PI controller demonstrates satisfac-

tory performance. For instance, in [4], a closed-loop PI controller is employed to adjust the

mechanical transfer function’s performance parameters, ensuring stability and accuracy. How-

ever, the practical effectiveness of this control strategy is limited due to reduced robustness

and an inability to adapt to changes in machine parameters caused by factors like grid voltage

drops, model inaccuracies, and unexpected variables such as temperature variations. To

address these challenges and enhance the robustness of WECS, various advanced control strat-

egies have been proposed as alternatives to FOC, including sliding mode control (SMC) [24]

and backstepping control (BSC) [25]. The paper in [24] employs sliding mode control to

enhance the performance of variable-speed wind turbine driving a DFIG. While sliding mode

control (SMC) has some advantages such as robustness, simplicity, and fast response, it also

comes with disadvantages, including the chattering effect and parameter sensitivity, which can
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limit the performance and applicability for DFIG control [26, 27]. Consequently, modification

and improvements of the SMC technique have been proposed in the literature, such as the

super-twisting algorithm [28]. In a different approach the paper in [25] proposes and tests the

nonlinear Backstepping control for wind turbine systems. This technique offers benefits such

as improved performance, ease of installation, and resilience to external disturbances. How-

ever, its drawbacks include complexity and sensitivity. To address these issues, the literature

suggests specific improvements and alterations to the backstepping technique, such as adapta-

tive backstepping control [29]. Direct power control (DPC), introduced in 1998 by Neghouchi

[30], is another linear control methods widely adopted in various applications, emerging as a

competitor to vector control. DPC provides a solution to the challenges posed by sensitivity to

parametric variation. Research reveals that DPC significantly enhances dynamic response,

allowing for rapid and precise control of generated power [31]. Furthermore, DPC proves

effective in minimizing torque and power oscillations within the generator, resulting in a

smoother and more stable operational performance [32]. The study demonstrates that the

implementation of DPC contributes to improved energy conversion efficiency, optimizing the

overall performance of DFIG systems [33]. Additionally, the analysis highlights the simplicity

of the control structure employed by dpc, presenting a contrast to traditional vector control

methods. This simplicity not only facilitates easier implementation but also contributes to the

maintenance of the system [34]. Moreover, the study underscores DPC’ notable feature of

reduced sensitivity to variations in system parameters, enhancing the robustness and reliability

of the DFIG system [31]. However, Direct Power Control (DPC) technique has two main

drawbacks: significant power fluctuations and varying commutation frequencies. Various

solutions have been proposed to enhance the efficiency and characteristics of Direct Power

Control (DPC). One approach involves integrating DPC with various other controllers,

including nonlinear controllers and artificial intelligence algorithms. In references [20, 35],

authors integrated DPC with sliding mode control (SMC) to overcome the drawbacks of DPC.

Reference [20] eliminates the use of hysteresis controllers and switching tables, leading to

increased complexity in the implementation process. As a result, adopting the DPC strategy

becomes more costly and requires more experimentation. Another proposed solution includes

the use of a backstepping controller to enhance the quality of the output current in DFIG sys-

tem [20–36]. However, the inclusion of a backstepping controller amplifies the complexity and

execution challenges associated with Direct Power Control. Additionally, reference [37] pre-

sented DPC for a matrix converter feeding a DFIG with a fixed switching frequency. Another

novel DPC approach for DFIG, discussed in [38], utilizes L-filter to enhance the quality of

DFIG-WTS currents and reduce current, torque, and active power fluctuations. In [39], a com-

bination of fuzzy logic and genetic algorithm is employed to minimize power ripples and

enhance the dynamic response of DPC.

In this paper, we address overcome the drawbacks of DPC by employing a combination of

Artificial Neural Network (ANN) and the Pulse Width Modulation (PWM) technique for real

wind profiles. Artificial Neural Networks (ANNs) serve as intelligent controllers in nonlinear sys-

tems, offering several advantages across applications. These include handling large datasets, exhib-

iting flexibility and nonlinearity, enabling automatic procedures and multitasking, and facilitating

rapid processing [40]. The work presented by the author in [41] introduces a novel approach that

utilizes an artificial neural network to improve the convergence trajectory and minimize tracking

errors in super-twisting sliding mode control. Additionally, in [42], neural networks are applied

for stable control of a nonlinear DFIG in wind power systems. The benefits of ANN-based con-

trollers are evident, including reduced peak amplitudes during transient regimes and faster system

responses, resulting a shorter time to reach a steady state. Therefore, ANN proves to be a well-

established data processing technique, enhancing the understanding and mastery of the control
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strategy. The intelligent Direct Power Control (DPC) strategy, incorporating Pulse Width Modu-

lation (PWM), is employed to regulate the Rotor-Side Converter (RSC). This customized DPC

strategy significantly differs from the traditional approach by eliminating the conventional switch-

ing table and comparators, resulting in a more efficient DPC strategy.

This study entails an experimental investigation of an intelligent Direct Power Control (DPC)

strategy, employing an Artificial Neural Network (ANN) controller to enhance current quality

and reduce ripples in the Doubly Fed Induction Generator Wind Turbine System (DFIG-WTS).

This innovative DPC approach deviates significantly from the conventional method by replacing

both the switching table and hysteresis controller, resulting in a more robust DPC strategy.

The main contributions of this paper can be summarized as follows:

• Introduction of an innovative DPC strategy that incorporates artificial neural networks and

pulse width modulation (PWM) technique.

• Overcoming the drawbacks and issues associated with DPC.

• Utilization of real-time wind speed data to ensure a reliable basis for analysis.

• Mitigation of ripples in active power and current, leading to an overall enhancement in the

performance of the DFIG-WTS.

The paper is structured as follows:

In Section 2, we present a wind energy conversion system model, which is divided into two

subsections: wind turbine modeling and double-fed induction generator modeling.

Section 3, formulates the problem by explaining the control configuration of DPC-Classic

and outlining the control objectives to be achieved with the intelligent DPC controller.

In Section 4 we describe the implementation of artificial neural network control (ANN) for

operating the system, enabling control of active and reactive power.

Section 5 utilizes a real-world profile to analyze experimental results, conducting a compar-

ative study to assess the performance of the two controllers proposed in this work, along with

other publications.

Finally, in section 6 we provide a conclusion.

2. Wind energy conversion system modelling

2.1. Wind turbine (HAWT) modelling

The wind turbine plays a crucial role in the wind energy conversion system (WECS) as it trans-

forms kinetic energy into mechanical energy. This component is connected to the generator

via a gearbox, which amplifies the rotational speed from the wind turbine to the electric gener-

ator [43–51]. To transmit the generator’s output to the electrical grid, a control system is uti-

lized [52, 53]. Eq (1) represents the mechanical power Pm generated by the wind turbine [54]:

Pm ¼
1

2
Cpðl; bÞrpR

2V3

wind ð1Þ

Where ρ is the air density, R is the rotor radius, Vwind is the wind speed, and Cp(λ, β) is the

power coefficient, which depends on two aspects: β the blade pitch angle and λ the tip speed

ratio, which is defined as:

l ¼
OturbineR
Vwind

ð2Þ
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Oturbine is the angular speed of turbine, related to the mechanical speed of generator Omec by

the following equation:

Omec ¼ GrOturbine ð3Þ

With Gr is the gearbox ratio

Eq (4) depicts the equation of motion that relates the torque and the speed

Jtotal
dOmec

dt
¼ Tmec ¼ Tg � Tem � fOmec ð4Þ

Where Jtotal is the total mechanical inertia, f is the coefficient of the friction, and Tmec Tg,

Tem are successively the mechanical torque, the torque of DFIG, the electromagnetic torque.

In this paper, the model of the power coefficient is defined as [53, 54]:

Cpðl; bÞ ¼ C1ð
C2

li
� C3:b � C4Þ � e

ð

� C5

li
Þ
þ C6l

1

li
¼

1

lþ 0:08b
�

0:035

b
3
þ 1

ð5Þ

2

6
6
6
6
4

With C1 ¼ 0:5176; C2 ¼ 116; C3 ¼ 0:4; C4 ¼ 5; C5 ¼ 21; C6 ¼ 0:0068 To enable the

generator to operate at its optimal speed, it is necessary to ensure that the wind speed is opti-

mal. This can be achieved by utilizing the maximum power point (MPPT), where the power

coefficient is kept at its maximum [55].

Fig 1 shows the calculated values of Cp with respect to λ and β. The maximum value of Cp is

obtained by fixing λ and β to their optimal values. It is observed in Fig 1 below that

Cpðl; bÞmax ¼ 0:48 for λ = 8.1 and β = 0˚.

Fig 1. 2D plot of Cp(λ, β).

https://doi.org/10.1371/journal.pone.0300527.g001
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2.2. Doubly fed induction generator (DFIG) modelling

The Doubly Fed Induction Generator (DFIG) features two sets of three-phase windings with

mutual Lm and self-inductances Lss, Lrr [56]. The structure of the DFIG for wind power genera-

tion (WPG) is illustrated in Fig 2, where us and ur are the stator and rotor voltages, is and ir are

the stator and rotor currents, and Udc is the direct bus voltage.

The voltage equations for the three-phase stator are [52]:

E1

uas ¼ Rsias þ
dFas

dt

ubs ¼ Rsibs þ
dFbs

dt

ucs ¼ Rsics þ
dFcs

dt

Where E2

Fas ¼ Lssias þ Lmiar

Fbs ¼ Lssibs þ Lmibr

Fcs ¼ Lssics þ Lmicr

ð6Þ

8
>>><

>>>:

8
>>>>>><

>>>>>>:

Similarly for the rotor [45]:

E3

uar ¼ Rriar þ
dFar

dt

ubr ¼ Rribr þ
dFbr

dt

ucr ¼ Rricr þ
dFcr

dt

Where E4

Far ¼ Lrriar þ Lmias

Fbr ¼ Lrribr þ Lmibs

Fcr ¼ Lrricr þ Lmics

ð7Þ

8
>>><

>>>:

8
>>>>>><

>>>>>>:

During the rotation of the machine, the mutual inductances and the angle between the

rotor and stator circuits vary, leading to a dynamic mathematical model [57]. To simplify the

mathematical representation, a two-axis model (dq) can be employed, which is less complex

than the three-axis model (abc). By utilizing Park’s model, the system can be transformed

from a three-phase representation to a direct and quadrature representation.

Fig 2. Structure of the DFIG for (WPG).

https://doi.org/10.1371/journal.pone.0300527.g002
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Utilizing the Park transformation (Ts), the stator voltage equations can be converted to a dq

coordinate system in a synchronous reference frame, resulting in the following equations:

TsðE1Þ
vds

vqs

" #

¼ Ts

vas

vbs

vcs

2

6
4

3

7
5 ¼ RsTs

ias
ibs
ics

2

6
4

3

7
5þ Ts

d
dt

Fas

Fbs

Fcs

2

6
4

3

7
5 ð8Þ

8
><

>:

E5

vds ¼ Rsids þ
d
dt
Fds � osFqs

vqs ¼ Rsiqs þ
d
dt
Fqs þ osFds

Where E6

Fds ¼ Lssids þ Lmidr

Fqs ¼ Lssiqs þ Lmiqr
ð9Þ

8
<

:

8
>><

>>:

Similarly, the rotor voltage equations given in E3 can be transformed into the dq frame by

Park transformation (Tr), resulting in the new equations of the rotor voltage:

TrðE3Þ
vdr

vqr

" #

¼ Tr

var

vbr

vcr

2

6
4

3

7
5 ¼ RrTr

iar
ibr
icr

2

6
4

3

7
5þ Tr

d
dt

Far

Fbr

Fcr

2

6
4

3

7
5 ð10Þ

8
><

>:

E7

vdr ¼ Rridr þ
d
dt
Fdr � orFqr

vqr ¼ Rriqr þ
d
dt
Fqr þ orFdr

Where E8

Fdr ¼ Lrridr þ Lmids

Fqr ¼ Lrriqr þ Lmiqs
ð11Þ

8
<

:

8
>><

>>:

ωs and ωr are the stator and the rotor currents pulsations.

The real and the reactive powers of the DFIG are [58]:

E9

Ps ¼
3

2
ðvdsids þ vqsiqsÞ

Qs ¼
3

2
ðvqsids � vdsiqsÞ

ð12Þ

8
>><

>>:

Eq 13 establishes a relationship between the mechanical and electrical aspects of the

machine through the electromagnetic torque [59].

Tem ¼
3

2
p
Lm

Lss
ðFqsidr � FdsiqrÞ ð13Þ

The vector control by oriented stator field (Fds = Fs and Fqs =0) is considered a way to sim-

plify the modeling of the machine because it assures dissociation between its variables and cre-

ates a model that resembles a DC machine. This method allows for the decoupling of the

stator’s active and reactive powers. Supposing that Fsd is constant at the permanent regime

and Rs is neglected [60], consequently:

E10

vds ¼ 0

vqs ¼ vs ¼ osFs

ð14Þ

(

E11

Fs ¼ Lssids þ Lmidr
0 ¼ Lssiqs þ Lmiqr

➔ E12

ids ¼
Fs

Lss
�

Lm

Lrr
idr

iqs ¼ �
Lm

Lss
iqr

ð15Þ

8
>>>><

>>>>:

8
>>>><

>>>>:
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Replacing E12 in E8:

E13

Fdr ¼ sLrridr þ
Lm

Lss
Fs

Fqr ¼ sLrriqr

➔ E14

idr ¼
Fdr

sLrr
�

Lm

sLrrLss
Fs

iqr ¼
Fqr

sLrr

With s ¼ 1 �
L2
m

LssLrr
ð16Þ

8
>>>><

>>>>:

8
>>>><

>>>>:

Replacing E12 in E9 and E14 in E15:

E15

Ps ¼ �
3

2

Lm

Lss
vsiqr

Qs ¼
3

2
vsð
Fs

Lss
�

Lm

Lss
idrÞ

➔ E16

Ps ¼ �
3

2

Lm

sLrrLss
vsFqr

Qs ¼
3

2
vsð

Fs

sLss
�

Lm

sLrrLss
FdrÞ

ð17Þ

8
>>>><

>>>>:

8
>>>><

>>>>:

The electromagnetic torque and the rotor voltages are:

Tem ¼ �
3

2
p
Lm

Lss
Fsiqr ð18Þ

E17

vdr ¼ Rridr þ sLri�dr þ eqr
vqr ¼ Rriqr þ sLri�qr þ edr þ eF

with

eqr ¼ � orsLriqr

edr ¼ orsLridr

eF ¼ or
Lm

Ls
Fs

ð19Þ

8
>>>>><

>>>>>:

8
>>>>><

>>>>>:

3. Problem formulation

3.1 Control configuration

In this paper, the assessment of power performance employs the DPC-Classic strategy instead

of repetitive control configurations. DPC offers several advantages, including rapid dynamic

response, reduced dependence on machine models, simplified implementation, and low

computational complexity [57, 61]. Fig 3 illustrates the conventional DPC approach for con-

trolling wind turbine systems driven by a Doubly Fed Induction Generator (DFIG). Two hys-

teresis comparators (APHC, RPHC) directly control the DFIG machine’s stator active and

reactive powers, while a switching table is utilized for the converter on the rotor side (RSC).

As observed in the preceding figures, the DPC technique necessitates selecting an optimal

voltage vector from a switching table to minimize and regulate the discrepancies between the

measured and reference powers within predefined hysteresis bands [62].

The hysteresis controller changes its output to “1” if the error of the power (ePs or eQs)

reaches a more elevated level [63], also changes its output to “-1” if ePs�−ΔPs or eQs�−ΔQs,

and to “0” if −ΔPs�ePs�ΔPs

Equation E16 from the previous section demonstrates that we can determine the relation-

ship of the PS and Qs as functions of two rotor flux components in the reference frame (αr-βr)

that revolve with the DFIG’s rotor. Therefore:

Ps ¼ �
3

2

Lm

sLrrLss
vsFbr

Qs ¼
3

2
vsð

Fs

sLss
�

Lm

sLrrLss
FarÞ

Where

Far ¼ sLrriar þ
Lm

Lss
Fs

Fbr ¼ sLrribr

jFsj ¼
j�vs j
os

ð20Þ

8
>>>>>>>><

>>>>>>>>:

8
>>>>>>>><

>>>>>>>>:
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The following expressions show that the active and reactive powers depend directly on the

relative angle δ between the stator and rotor flux vectors and their amplitude. Therefore, by

modifying δ, it is possible to control Ps and Qs [57].

Ps ¼ �
3

2

Lm

sLrrLss
osjFsjjFrjsind

Qs ¼
3

2

osjFsj

sLss
ð
Lm

Lrr
jFrjcosd � jFsjÞ

➔

dPs

dt
¼ �

3

2

Lmos

sLrrLss
jFsj

dðjFrjsindÞ
dt

dQs

dt
¼

3

2

Lmos

sLrrLss
jFsj

dðjFrjcosdÞ
dt

ð21Þ

8
>>>><

>>>>:

8
>>>><

>>>>:

To select the optimum rotor voltage vector, the relative position of the rotor flux must be

determined. Due to the concern with a more stringent control, the evolution space of Fr in the

reference frame under consideration is divided into sex sectors for this purpose [63]. A selec-

tion of appropriate vectors applied to the converter on the RSC is shown in Table 1 below.

This table enables the rotor flux and powers to be controlled [64, 65].

Fig 3. DPC-Classic strategy.

https://doi.org/10.1371/journal.pone.0300527.g003

Table 1. Selection table of optimal vectors (active and reactive power).

RPHC 1 -1

APHC 1 0 -1 1 0 -1

Sector N concerning the angle δ 1 (330˚, 30˚) V5 V7 V3 V6 V0 V2

2 (30˚, 90˚) V6 V0 V4 V1 V7 V3

3 (90˚, 150˚) V1 V7 V5 V2 V0 V4

4 (150˚,210˚) V2 V0 V6 V3 V7 V5

5 (210˚,270˚) V3 V7 V1 V4 V0 V6

6 (270˚,330˚) V4 V0 V2 V5 V7 V1

V0 = [0,0,0]; V1 = [1,0,0]; V2 = [1,1,0]; V3 = [0,1,0]; V4 = [0,1,1]; V5 = [0,0,1]; V6 = [1,0,1]; V7 = [1,1,1]

https://doi.org/10.1371/journal.pone.0300527.t001
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3.2 Control objectives

The direct power control (DPC) strategy has been widely utilized and extensively discussed in

DFIG control applications due to its numerous advantages [66, 67]. It effectively decouples

active and reactive power, exhibits prompt response without overshoot, and maintains mini-

mal static error, among other benefits. However, the traditional DPC approach suffers from

drawbacks such as a high switching frequency, resulting in significant harmonic distortion in

Fig 4. DPC-ANN strategy.

https://doi.org/10.1371/journal.pone.0300527.g004

Fig 5. Neural network training (a) and mean squared error (b) for the active power controller.

https://doi.org/10.1371/journal.pone.0300527.g005
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the generated currents and poor current quality, leading to various faults [20, 28–45]. This not

only increases maintenance costs but also poses a risk to the grid. Additionally, there are con-

siderable ripples in active and reactive powers due to the variable switching frequency

employed in this strategy [68, 69].

To overcome these limitations, this work proposes a novel control method based on Artifi-

cial Neural Networks (ANN) [70, 71]. The suggested control approach aims to retain the

advantages of the conventional DPC while simultaneously minimizing the THD of current

and reducing the ripples in active and reactive powers.

Fig 6. Neural network training (a) and mean squared error (b) for the reactive power.

https://doi.org/10.1371/journal.pone.0300527.g006
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4. System control

Research in neural computing has extensively explored the application of Artificial Neural

Networks (ANN) as a data processing technique [53]. This method extends the capabilities

of traditional nonlinear automation techniques, providing enhanced effectiveness and reli-

ability in various applications, including identification, control, and filtering. Artificial

neurons within ANNs progressively improve their accuracy by learning from input data.

Once adequately trained, they can generate results that closely match the desired outcomes

[72].

In this research, the classical DPC’s hysteresis comparators and switching table are

replaced with two neural multilayer perceptron controllers (MLP) and the pulse width mod-

ulation technique (PWM). The Levenberg-Marquardt (LM) backpropagation algorithm is

employed for the learning process. Fig 4 illustrates the implementation of intelligent DPC

using an artificial neural network controller (ANNC) for controlling wind turbine systems

with a DFIG. The parameters of the ANN controller presented in this paper can be found in

the S1 Appendix. Figs 5 and 6 showcase the learning progress of the active and reactive

power controllers. The proposed structure (2-5-5-5-1) for the controllers of active and reac-

tive powers achieves optimal performance quickly, reaching the best results by the 30th and

50th iterations, respectively. Moreover, in Figs 5B and 6B, the Mean Square Error (MSE)

progression is depicted concerning the number of iterations for the reactive and active

power controllers, respectively. Notably, both controllers achieve a low MSE BY the 100th

iteration.

4.1 Artificial neural networks controller for active power

The neural network takes the active power error and its derivatives as inputs, producing the

rotor voltage reference as an output. To identify the optimal architecture of the network, the

initial MLP controller utilized two hidden layers, as depicted in Fig 7.

Fig 7. The architecture of the proposed MLP-ANN controller for active power.

https://doi.org/10.1371/journal.pone.0300527.g007
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4.2 Artificial neural networks controller for reactive power

The neural network takes the reactive power error and its derivatives as inputs, generating the

rotor voltage reference as the output. To identify the optimal architecture of the network, the

second MLP controller was designed with two hidden layers, as illustrated in Fig 8.

5. Simulation results and discussions

In order to evaluate the dynamic behavior and performance of the proposed novel system,

simulations were conducted on a DFIG (1.5KW) using Matlab/Simulink software. The

Fig 8. The architecture of the proposed MLP-ANN controller for reactive power.

https://doi.org/10.1371/journal.pone.0300527.g008
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Fig 9. Wind profile of Al-Houceima Morocco city.

https://doi.org/10.1371/journal.pone.0300527.g009

Fig 10. Power coefficient (Cp).

https://doi.org/10.1371/journal.pone.0300527.g010

Fig 11. Tip speed ratio (λ).

https://doi.org/10.1371/journal.pone.0300527.g011
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parameters of the DFIG utilized in this study can be found in the S1 Appendix. This section

focuses on testing and comparing the performance of Classical-DPC and Artificial Neural Net-

work-DPC approaches with reference values. To this end, a wind profile extracted from the

Moroccan city of Al-Houceima, as depicted in Fig 9, was employed and the simulation results

are presented in the subsequent.

• Figs 10 and 11 depict the correlation between the power coefficient (Cp) and speed ratio (λ)

with the wind profile. Changes in wind speed lead to variations in Cp and λ values. The Cp

(λ, β) value is approximately 0.5, demonstrating variability, while the maximum tip speed

ratio exhibits variability at approximately 8.1.

• Figs 12 and 13 illustrate the convergence of active and reactive power to their reference val-

ues, with Ps and Qs perfectly follow the reference. Even a slight change in wind speed can

result in a significant variation in the extracted active power (ranging from 500W to

1500W), with Ps decreasing as wind speed decreases and vice versa. The reactive power ref-

erence remains fixed at zero to achieve a unity power factor on the network side.

• Figs 14 and 15 demonstrate the dependence of stator and rotor currents on the applied wind

profile, both reaching a maximum value of 5A. It is observed that the value of the rotor/stator

currents is linked to both the system and the reference value of Ps.

• Fig 16 presents the rotor current components in the (d, q) frame. The quadrature rotor cur-

rent varies between approximately 1.2A and 4.7A, influenced by the active power. In

Fig 12. Active power.

https://doi.org/10.1371/journal.pone.0300527.g012

Fig 13. Reactive power.

https://doi.org/10.1371/journal.pone.0300527.g013
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contrast, the direct rotor current remains stable around 2.4A and is associated with reactive

power.

• Fig 17 depicts the power factor of the system, which tends to be close to unity but exhibits

slight ripples due to system operation and changes in wind speed.

• Fig 18 displays the analysis of harmonic distortion in the stator current drawn by the DFIG.

The Total Harmonic Distortion (THD) resulting from the classical DPC is 1.16%, whereas

the THD obtained by the intelligent DPC is 0.81%, signifying a significant reduction com-

pared to that of the classical DPC approach.

6. Conclusion

This research has introduced a robust control method for Double-Fed Induction Generators

(DFIG) using an Artificial Neural Network (ANN) in conjunction with an accurate wind pro-

file. The primary objective of this work is to enhance the performance of Direct Power Control

(DPC) in DFIG systems. The first section serves as an introduction to the paper. In the second

section, the DFIG model is presented, along with the model of the associated wind turbine

controlled by the Maximum Power Point Tracking (MPPT) strategy. Furthermore, stator

field-oriented techniques are applied to simplify the DFIG model. The third section discusses

the classical DPC approach, highlighting its advantages, drawbacks, and desired control

Fig 14. Stator current under C-DPC (a) and ANN-DPC (b).

https://doi.org/10.1371/journal.pone.0300527.g014
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objectives. The fourth section implements an intelligent DPC approach that combines the

Pulse Width Modulation (PWM) strategy with a Multilayer Perceptron Artificial Neural Net-

work (MLP-ANN). This intelligent approach enables the control of the stator powers of the

DFIG. The fifth section is of utmost importance as it showcases the simulation results of the

two controllers using MATLAB/SIMULINK. The main findings of this study can be summa-

rized as follows:

• The DPC maintains its robustness and fast response characteristics.

• The ANN-DPC exhibits superior performance when dealing with varying wind speed

profiles.

• The proposed control approach successfully reduces the total harmonic distortion (THD) of

the current and mitigates power ripples.

• The efficiency of wind power conversion and the power factor in the system validate the

effectiveness of the intelligent DPC technique employed in this study.

One potential direction for future research based on the finding of this paper could involve

the investigation and implementation of advanced machine learning algorithms, such as deep

learning techniques, to further enhance the control and performance of double-fed induction

generators These advanced algorithms have the potential to learn and adapt to complex wind

Fig 15. Rotor current under C-DPC (a) and ANN-DPC (b).

https://doi.org/10.1371/journal.pone.0300527.g015
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profiles, optimize control strategies, and improve the overall efficiency and reliability of DFIG

systems. Additionally, exploring the integration of advanced optimization techniques, such as

genetic algorithms or particle swarm optimization, with the intelligent control approach could

offer opportunities for further improvements in the system’s performance and stability.

Fig 16. Direct (a) and quadrature (b) rotor currents.

https://doi.org/10.1371/journal.pone.0300527.g016

Fig 17. Power factor.

https://doi.org/10.1371/journal.pone.0300527.g017
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