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applied to doubly-fed induction generator2

M. Hallouz,1 N. Kabeche,1 S. Moulahoum,1 and R. Benkercha1
3

Laboratory of Electrical Engineering & Automatic, University of Medea, Algeria4

(*Electronic mail: kabache.nadir@univ-medea.dz.)5

(Dated: 23 November 2022)6

The present paper concerns the indirect control of the stator powers of a wind system based on a doubly-fed induction7

generator (DFIG). The DFIG is controlled by its rotor through an association of a grid side converter (GSC) with a8

rotor side converter (RSC) and the stator makes it possible to supply a resistive load. The current 1.5kw generator is9

driven by a wind emulator based on a DC motor. Simulation and experimental studies are carried out using first, a10

conventional PI, an neural network controller (NNC), and then a M5P decision tree algorithm (M5P-DTA) is proposed11

to bring improvements to the control. The M5P-DTA is obtained from a learning process via the data set provided by12

neural network controllers. The proposed algorithm allows a fast and less complex control scheme for the DFIG. The13

simulation study and its results are obtained through the MATLAB/SIMULINK software, while the experimental test is14

carried out via the dSPACE DS1104 interface card ordered by MATLAB and the graphical interface of the Control-Desk15

software.16

I. INTRODUCTION17

Wind energy has developed through advances in wind tech-18

nology, above all the introduction of the DFIG. Through the19

variable-speed opportunity, the DFIG allows extracting and20

converting the largest part of available wind energy. DFIG has21

been incorporated in most wind energy conversion systems22

worldwide. DFIG’s management in the wind power sector23

has undergone more changes and improvements, where sev-24

eral control strategies are employed whose common objective25

is to improve the dynamic performances of the generator via26

the control of its the active and reactive powers (1–4).27

Since the DFIG is a nonlinear system, the control task can-28

not be performed easily and directly. To make things easier,29

the field-oriented principle has been introduced to achieve the30

decoupling between magnetically (reactive power) and me-31

chanical (active power) behaviors allowing therefore a sepa-32

rate and independent control for each variable. In literature,33

several studies and diagrams have been conducted for DFIG34

control. The conventional PI controllers offers generally the35

easy way for the active and reactive power control5. Despite36

their synthesis simplicity they give less satisfactory perfor-37

mances and suffer from dependency on system parameters. In38

(6,7), the authors propose a direct power control (DPC) based39

on the switching sequences table to produce a robust and fast40

power response. However, this technique has the drawback41

of the variable switching frequency8. To fix this problem,42

a standard PI combined with DPC-space vector modulation43

has been proposed in (9,10). In (11) a nonlinear approaches44

based on the sliding mode control (SMC) is considered, how-45

ever, the use of the first-order SMC induces the chattering46

phenomenon. In (12,13), the authors combined a standard PI47

with the SMC to improve the robustness of the control and48

attenuate reduce the chattering effect. In an attempt to fix49

the chattering problem a second-order SMC is proposed in50

(14,15). Beside, other non-linear approaches were applied on51

the DFIG such as the Lyapunov based backstepping control16,52

The association of the super torsion SMC strategy with the53

DPC strategy (17), the association of the DPC with an ANFIS54

(adaptive neuro-fuzzy inference system) and a super twisting55

SMC (18). Despite their quite satisfactory results, these ap-56

proaches are very expensive in terms of time and difficult to57

implement, especially for non-linear ones.58

Therefore, it was interesting to resort to artificial intelligent59

solutions to further improve the DFIG performances. Some60

attempts based on fuzzy logic controllers (FLC) have been in-61

troduced to substitute the standard PI in (19–21). The required62

improvement needs to increase the FLC membership, which63

leads to more difficulty in experimental implementation. The64

use of NNC in (22–24) shows that they are fast, simple, and65

allow avoiding the drawback of system parameters variation66

via the learning features. In the paper (25), the author uses an67

ANFIS system thus taking advantage of both FLC robustness68

and ANN flexibility. However, the approximation error may69

arise from insufficient learning, having less number of hidden70

units or insufficient training data. Moreover, the implementa-71

tion of the FCL need more space on target board, so we must72

use look-up table blocks to replace FLC sub-blocks.73

Moreover, several evolutionary algorithms appeared in the74

last decades such as genetic algorithms, particle swarm opti-75

mization, ant colony optimization, and M5P decision tree al-76

gorithms (M5P-DTA). The M5P-DTA combines the features77

of classification and linear regression. Like piecewise linear78

functions, it fits system data into a multivariate linear model79

so that the nonlinear relationship of the data sets is approxi-80

mated. Compared to neural networks, the M5P-DTA has the81

same accuracy with the same data but learns efficiently and82

faster for very big data sets. In addition, the implementation83

of M5P-DTA is easy and does not need complex computa-84

tions.85

Even if the M5P-DTA has been introduced in some86

photovoltaic-based renewable energy systems application it87

stays new and unknown for wind energy conversion systems88

control. Therefore, in this paper, the M5P-DTA is used for89

the indirect control of the active and reactive powers of the90

DFIG. The training data contained several inputs-outputs set91

collected from the DFIG through two NNC where rotor cur-92
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rents errors serve as inputs and rotor voltages as outputs. A93

comparison is performed between M5P-DTA and neural net-94

work controllers where this last was supported by an exper-95

imental test for both algorithms to prove the validity of the96

proposed approach. The major interest of this paper is to es-97

tablish a control strategy less cumbersome, simple, and easy98

to realize.99

The organisation of the paper begins with the modeling of100

the DFIG with the different proposed methods for the indirect101

control of the active and reactive powers of the DFIG stator.102

Then two NNC are proposed for the control of DFIG rotor103

currents. Thereafter and to give improvements in the DFIG104

control, the M5P-DTA has been proposed to substitute the two105

NNC for more accuracy and less computation time. Indeed, A106

learning data set has been recorded and used for the training107

to obtain a decision tree model, the training process is done108

by WEKA software. The obtained tree model is inserted in109

the control diagram instead of the two NNC. Finally, different110

tests, whether by simulation or by experimentation have been111

performed to validate the work presented here. For the exper-112

imental tests, they where achieved via MATLAB-SIMULINK113

software and a 1104 dSPACE cardboard.114

II. MODELING OF THE WIND ENERGY CONVERSION115

SYSTEM116

The addressed wind energy conversion system (WECS)117

shown in Fig. 1 consists of three parts: the wind turbine,118

the generator, and the load. For the turbine, a wind emulator119

based on a 1.5Kw Dc motor driven by a four quadrants Dc/Dc120

converter is proposed to simulate the real wind turbine behav-121

ior. The generator is a 1.5 Kw doubly-fed induction generator122

supplied by the rotor side Dc/Ac converter (RSC). The grid is123

connected with the system via the grid side Ac/Dc converter124

(GSC). The control of the DFIG, as mentioned above, will be125

carried out throw NNC and M5P-DTA algorithm. The control126

allows generating the switching signals for the rotor side con-127

verter. The load side consists of a resistive bank connected to128

the DFIG stator winding.129

130

FIG. 1. Wind conversion system diagram.

The dynamical behaviour of the DFIG in the d− and131

q − axis (rotating frame) is represented by the following132

equations26–30.133

A. Stator and rotor voltages134

Vds = RsIds +
dΦds

dt
−ωsΦqs, (1a)

135

Vqs = RsIqs +
dΦqs

dt
+ωsΦds, (1b)

136

Vdr = RrIdr +
dΦdr

dt
−ωsΦqr, (1c)

137

Vqr = RrIqr +
dΦqr

dt
+ωsΦdr, (1d)

B. Stator and rotor fluxes138

Φds = LsIds +LmIdr, (2a)

139

Φqs = LsIqs +LmIqr, (2b)

140

Φdr = LrIdr +LmIds, (2c)

141

Φqr = LrIqr +LmIqs, (2d)

C. Stator active and reactive powers142

Ps =VdsIds +VqsIqs, (3a)

143

Qs =VqsIds −VdsIqs, (3b)

Using Eqs. (1) and Eqs. (2) The dynamic of the DFIG can144

be organised as follows:145











dIds
dt

dIqs

dt
dIdr
dt

dIqr

dt











= A1

[

Ids

Iqs

]

+A2

[

Idr

Iqr

]

+A3







Vds

Vqs

Vdr

Vqs






(4)

With,146

A1 =









−RsLr ωmL2
m −LsLrσωs

−ωmL2
m −LsLrσωs −RsLr

RsLm −ωmLsLm

ωmLsLm RsLm









(5)
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A2 =







RrLm ωmLrLm

−ωmLrLm RrLm

−RrLs −ωmLsLr +LsLrσωs

ωmLsLr +LsLrσωs −RrLs






(6)

A3 =







Lr 0 −Lm 0

0 Lr 0 −Lm

−Lm 0 Ls 0

0 −Lm 0 Ls






(7)

where, Vds and Vqs are d− and q−axis stator voltages, Vdr147

and Vqr are d− and q−axis rotor voltages, Ids and Iqs are d−148

and q− axis stator currents, Idr and Iqr are d− and q− axis149

rotor currents, Φds and Φqs are d− and q−axis stator fluxes,150

Φdr and Φqr are d− and q− axis rotor fluxes, Ps and Qs are151

stator active and reactive powers, Rs and Rr are stator and rotor152

resistances, Ls, Lr and Lm are stator, rotor and magnetizing153

inductance, σ = 1− L2
m

LsLr
is the dispersion coefficient, ωs is the154

rotating frame speed, ωm is the rotor speed, p is the number155

of machine pole pairs.156

III. STATOR FIELD ORIENTATION157

The field-oriented control is consisting of orienting the sta-158

tor or rotor flux axis along the d−axis which allows achieving159

a decoupling between the d− and q−axis so that the control160

of DFIG active and reactive powers can be independent31,32.161

For the DFIG, the orientation of the stator flux is achieved as162

follows:163

Φqs = 0 =⇒ Φds = Φs (8)

According to the flux orientation given by Eqs. (8), the164

DFIG voltages and currents become:165

Ids = Φs −
Lm

Ls

Idr (9a)

166

Iqs =−
Lm

Ls

Iqr (9b)

Vds = 0 (10a)

167

Vqs =Vs = RsIqs +ωsΦds (10b)

168

Vdr = RrIdr +
dΦdr

dt
−ωsΦqr (10c)

169

Vqr = RrIqr +
dΦqr

dt
+ωsΦdr (10d)

with Vs and Φs are stator voltage and flux resulting from the170

field orientation condition. By using equations 9 and 10, the171

stator powers and the electromagnetic torque become:172

Ps =−(Vs

Lm

Ls

)Iqr (11a)

173

Qs =
V 2

s Φs

Ls

− (Vs

Lm

Ls

)Idr (11b)

174

Tem =−
pLm

Ls

)IqrΦs (11c)

By combining Eqs. (4), Eqs. (9) and Eqs. (10), the rotor175

voltage equations become:176

Vdr = RrIdr +(Lr −
L2

m

Ls

)
dIdr

dt
− ed (12a)

177

Vqr = Rr +(Lr −
L2

m

Ls

)
dIqr

dt
+ eq (12b)

With ed and eq are the coupling part given by:178

ed = sωs(Lr −
L2

m

Ls

)Iqr (13a)

179

eq = sωs(Lr −
L2

m

Ls

)Idr + s
LmVs

Ls

(13b)

with s = 1− ωm
ωs

is the machine slip180

IV. FUZZY LOGIC-BASED NEURAL NETWORK181

CONTROL182

The neural network is a mathematical model that imitates183

the operating mode of human nervous system. The feedfor-184

ward multilayer structure is mostly used, where the neural185

network is created by a set of artificial neurons weightily con-186

nected organised in a number of layers and equipped with an187

activation functions to perform a well-defined task. Consid-188

ered as an universal approximator, the multilayer neural net-189

work allows the approximation of divers non-linear behaviour190

from an input-output data set and a training phase.191

The used NNCs are designed and trained from a control192

scheme involving the orientation of the DFIG stator field as-193

sociated with FLC. Using equations 13, two FLC are selected194

for the control of the DFIG active and reactive powers as illus-195

trated on Fig. 2. The FLC scheme is then exploited to provide196

the inputs-outputs set needed for the NNC training process.197

The rotor currents errors and current error variations are used198

as inputs for the NNs controllers while the rotor voltages are199

used as outputs.200
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FIG. 2. FLC-based field oriented control for DFIG rotor currents.

In figure 2, P∗
s and Q∗

s are stator active and reactive powers,201

I∗rq and I∗rd are stator current references resulting from powers202

references and V ∗
rq and V ∗

rd are stator control voltages resulting203

from control.204

After a training phase, the resulting NNCs are used in the205

control scheme instead of fuzzy logic controllers as shown on206

Fig. 3 for the active and reactive powers control. The substi-207

tution of fuzzy logic controllers by NNCs ones is motivated208

by two reasons. Firstly and, with the same performances and209

robustness features the NNCs are more simpler for designing210

and implementation (33–36). Secondly, the NNCs are better211

suited for the approach that will be proposed later for more212

simplification of the DFIG control scheme.213

214

FIG. 3. NN control diagram for DFIG rotor currents

V. THE M5P-DTA-BASED CONTROL215

The M5P-DTA is one of the faster machine learning algo-216

rithms. This algorithm is based on a combination between the217

decision tree algorithm and the linear regression algorithm.218

Generally, the obtained tree model is composed of three nodes219

called: root node, internal node, and leaf node. These nodes220

are interconnected with branches as illustrated in Fig. 4. In221

the present section, this algorithm is proposed to enhance the222

neural network controller, specially in processing time. The223

used M5P-DTA is based on standard deviation (SD) as split-224

ting criteria, that is mean that the attribute that has the max-225

imum SD is the selected one. In this later a linear model is226

used for leaves of regression trees to predict the values of the227

numeric response variable. i.e. the last nodes are linear regres-228

sion functions that can give continuous numeric attributes as229

in Figure 5. The algorithm works by dealing with the standard230

deviation of the class values in a node as error measurement231

and calculates the expected reduction of this error as a result232

of the test of each attribute and the target in this node. The233

M5P model works in many stages37.234

235

FIG. 4. Basic diagram of the M5P algorithm.

A. Decision tree236

In this first stage, a nominal output based on a data set is237

provided from a class label predicted by a form of construc-238

tion tree and generalized as a non-parametric model during the239

training phase, thus allowing the correct classification of un-240

seen data in most of the cases. The growth phase is based on241

the values of the attributes to subdivide the nodes. The model242

composes of three different nodes called, the roots node con-243

tains the attribute that has the maximum standard deviation244

reduction, the internal node, and the terminal node (leaf). The245

main objective is to increase the depth of the tree by the re-246

duction of the data-set to a smaller subset, then the multiple247

regression model is constructed. Based on minimizing the248

prediction errors of the numerical responses, an attribute is249

chosen and used to split the data set at each node. The predic-250

tion error is calculated by measuring the standard deviation251

reduction (SDR) which is expressed by38,39:252

SDR = SD(T )−Σi

Ti

| T |
SD(T ) (14)

Where T is the input data set that reaches the node, Ti is the253

resulting sets of the split node via the chosen attribute and the254

SD represents the standard deviation.255
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B. The linear regression256

The linear regression is a statistical tool used to establish257

forecasts whose purpose is to estimate the relationship be-258

tween two or more variables to develop a linear function.259

Talking about simple regression when we have an indepen-260

dent variable or multiple regression when we have several ex-261

planatory variables as used in the M5P-DTA which represents262

an advantage due to its efficient and simple model. Based on263

the set of examples reaching the node, a multi-linear regres-264

sion model is built for each leaf, Fig. 5. A simplification of265

the regression model is realized for the case of predicted er-266

ror diminution for the future data. Equation 15 expresses the267

general form of the linear model (LM). The minimization of268

the least squares error of the actual and predicted values of the269

training data (Eq. 16) and performed by the algorithm allow-270

ing the weight of the linear model to be calculated40.271

LM j = ω j0 +ω j1a1 + · · ·+ω jkak (15)

272

MinΣ(T −T ′)2 (16)

With LM j is the linear model number j, ω ji are the weights of273

the linear model LM j and ai are the attribute value.274

275

FIG. 5. Multi-linear regression for the data set.

C. Pruning step276

The current phase is so important that it allows the model to277

be improved. Usually, the M5P algorithm provides a compli-278

cated initial model, this latter may have unnecessary sub-trees279

nodes and branches, which may lead to a wrong prediction for280

the invisible set. The pruning phase consists in deleting these281

branches or sub-trees to have a tree model of minimal size282

and more efficient prediction accuracy. At each instant when283

the reduction of the estimated error is performed, the tree is284

pruned. The estimation process of the mean absolute error285

(MAE) between the actual value T and the predicted value T ′
286

(Eqs. (17)) reaching the present node allows the compensation287

between the tree unpruned and pruned models (37–41).288

MAE =
1

N
Σ

N
i | T −T ′ | (17)

Where N represents the number of examples. The mean289

absolute error estimation of the samples reaching the current290

node generally underestimates the predicted error of the un-291

seen cases, a compensation via multiplication by a factor is292

carried out, to minimize the estimated error.293

n+ v

n− v
(18)

While n represents the number of learning instances reach-294

ing the node and v is the number of elements in the model295

representing the value at that node38.296

D. The smoothing process297

In this step and behind, the model is improved from an ac-298

curacy point of view through the smoothing process. For a299

pruned tree model, the discontinuity model is unavoidable for300

linear models adjacent to the leaf level. The step is important301

precisely for the models obtained with a low number of train-302

ing and thus which contain different scenarios. the smoothing303

is expressed by p′ and calculated as follows38,41 :304

p′ =
np + kp

n+ k
(19)

Where p is the predicted value given to the current node,305

q is the model predicted value in the current node, n is the306

number of training examples, and k is a constant which equals307

to 15.308

E. Training phase309

The aim of this paper is to project a new artificial intelli-310

gence algorithm to bring improvements to the indirect control311

of the active and reactive stator powers of DFIG. The expe-312

rience takes place by synthesizing an algorithm defined by a313

simple If-Then script which makes it possible to replace the314

neural network controllers. The M5P model is schematized315

based on the inputs and outputs of the data set collected from316

the NNC test. The data set of 10000 test instances of inputs317

and outputs are characterized by error, error variation of rotor318

currents Idr, Iqr, and rotor voltage reference targets are used319

to synthesize a script of 20 rules for active power and 42 rules320

for reactive power. Indeed, 66% of the data is used for train-321

ing and the rest is used for testing, Fig. 6. The decision tree322

model is obtained using weka software based on the NNC test323

data-set.324
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FIG. 6. data-set distribution for training and testing process.

In this study, the generated active and reactive power con-325

trol is carried out through the rotor current control. The pro-326

posed algorithm replaces the neural network controllers as it327

is described in Fig. 9. Tree models are obtained for d− and328

q−axes via the learning process by using the collected exam-329

ples of errors, errors variation, and rotor voltage references330

introduced in WEKA software.331

After the different process steps mentioned previously,332

Fig. 7 and 8 show the M5 pruned tree model, the script rules333

and the decision tree for quadratic (Irq) and direct rotor cur-334

rents (Ird). The active power control containing 20 rules while335

the reactive power control is achieved with 42 rules. Table I336

represents the obtained test results for both Irq and Ird .337

TABLE I. Rotor currents tests results..

Iqr Idr

Time taken to build model 0.65s 0.65s

Time taken to test model on test split 0.04 0.04

Correlation coefficient 0.9999 0.9999

Mean absolute error 0.0004 0.0004

Root mean squared error 0.0012 0.0012

Relative absolute error 0.9392 0.9392

Root relative squared error 1.491 1.491

Total Number of Instances 3400 3400

338

339

340

FIG. 7. M5P algorithm for Irq : (a) The target attribute weights, (b)341

The script rules, (c) The decision tree .342

Fig. 9 illustrates the proposed M5P tree model control343

scheme. The Ird control is done via decision rule using er-344

ror and error variation while the Irq control required only the345

FIG. 8. M5P algorithm for Ird : (a) The target attribute weights, (b)

The script rules, (c) The decision tree .

error parameter.346

347

FIG. 9. M5P algorithm control diagram for DFIG rotor currents.

VI. DATA MANAGEMENT348

To realize the decision tree model, a data-set is needed to349

establish the training process. Indeed, the tree model is pro-350

posed whose main purpose is to improve the control scheme351

of the rotor currents Irq and Ird , to better control the stator’s352

active and reactive powers. An experimental test based on the353

NNC was carried out and recorded via the Control-Desk soft-354

ware for 30s. Through this recording, an input/output data set355

of appropriate size has been collected for the NNC training356

process. The control scheme uses two NNCs, one for active357

power and the other for reactive power. the first NNC has as358

inputs the error and error variations of quadratic current Irq359

(Fig. 10-a and 10-b) and as output the quadratic rotor voltage360

Vrq (10-c). For the second NNC, the input are the error and361

error variations of direct current Ird (Fig. 11-a and 11-a) and362

the output is the direct rotor voltage Vrd (Fig. 11-c).363

After the NNCs training process, the WEKA software and364

from the trained NNCs parameters generates the wanted de-365

cision tree model that is a simple set of ’IF-THEN’ rules. Fi-366

nally, the resulting tree model is inserted in the control bloc367

to substitute the two NNCs, Fig. 9. During implementation368

phase, some inputs/outputs set is recorded and used to check369

the established tree-model. Fig. 10-c and Fig. 11-c show that370
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the output voltage for both NNCs and tree models are very371

closes.372

373

FIG. 10. Training data for active power control : (a) Iqr error, Iqr374

error variation, (c) Quadratic rotor voltage Vqr375

376

FIG. 11. Training data for reactive power control : (a) Idr error, Idr377

error variation, (c) Quadratic rotor voltage Vdr .378

VII. RESULTS AND DISCUSSIONS379

In this paper, a comparative study is performed and applied380

to the 1.5 kW WECS representing a DFIG driven by a wind381

emulator based on a DC motor. The study permits the in-382

direct control of the DFIG stator active and reactive powers383

through rotor currents Irq and Ird . Firstly, an NNC is built384

and applied to the rotor currents control. Then to improve the385

control results, the decision tree algorithm is built to replace386

the NN controllers. In addition, a PI-based control scheme387

is performed for a comparison purpose.The work carried out388

involves both simulation tests and an experimental tests. The389

parameters of the used DFIG are: Rs = 4.85Ω, Rr = 3.805Ω,390

Ls = Lr = 0.274H, Lm = 0.258H.391

A. Simulation results392

The simulation test is carried out for 30s at variable speed393

by using the real parameters of the DFIG which is used in the394

experiment study step.395

Fig. 12 shows the active power control result by using stan-396

dard PI, the NNC and the M5P-DTA. The active power refer-397

ence is imposed from the MPPT strategy, we can notice that398

the emulator based on the DC motor is driven to provide an399

active power profile close to that of a real wind model. Dur-400

ing the test, The reference power is varying between 0 and401

1500 watts. The control has been performed with good track-402

ing of the reference power for the three controls, except that403

the result obtained by applying the M5P-DTA is better than404

that obtained with the NNC and the conventional PI where the405

chattering is significantly reduced.406

407

FIG. 12. Stator active power.

The result of the reactive power control is illustrated in408

Fig. 13, a constant reference value was imposed from outside409

equal to 763 Var to keep the direct current Ird equal to zero410

during the test. It is noticed that the measured variables track411

perfectly the references with an improvement by applying the412

M5P-DTA.413

Fig. 14 and 15 represent the rotor currents evolution. It414

is obvious that the currents Ird and Irq are respectively the415

images of the reactive and active powers and take the same416

shape as theses powers, see equations 12. For both currents417

the control is performed with a good dynamic performance418

with more reduction of the chattering phenomenon on the side419
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FIG. 13. Stator reactive power.

of the M5P-DTA compared to the other controls.420

421

FIG. 14. Direct rotor current.

422

FIG. 15. Quadratic rotor current.

B. Experimental results423

Fig. 16 describes the workbench which allows realizing424

the experimental test of the WECS. The test and its results425

have been done through MATLAB/SIMULINK software, the426

dSPACE DS1104 control board, and the Control-Desk graph-427

ical interface.428

The first part consists in implementing the wind emulator429

based on a Dc motor. By choosing an appropriate wind pro-430

file, the Dc motor speed is controlled so that this last gener-431

ate the reference values for the DFIG active power, given in432

Fig. 17. The results of active power obtained with the conven-433

tional PI controller (Fig. 17-a), the NNC (Fig. 17-b) and the434

M5P-DTA (Fig. 17-c). As in simulation, the control is per-435

formed correctly in experimental test, with a more improved436

tracking is seen in the M5P-DTA results. Indeed, the M5P-437

DTA makes it possible to eliminate the important oscillations438

appearing in the classic PI results, when the power exceeds439

500W as well as to reduce the delay, between the active power440

and its reference, seen in the NNC results.441

The reactive power is represented by Fig. 18, it remains at442

a constant value of 763Var throughout the test, which means443

that there is no reactive power transaction between the DFIG444

stator side and the grid, since the direct current idr is equal to445

zero (Fig. 20). Moreover, important peaks reaching 1200 Var446

are noticed in the PI results (Fig. 18-a), they are reduced by447

the NNC to around 950 Var (Fig. 18-b) and they not exceed448

900 Var for the M5P-DTA model (Fig. 18-c).449

Fig. 19 and Fig. 20 show respectively the quadratic and di-450

rect currents (iqr, idr). Similar to active and reactive powers re-451

sults, the use of the PI makes important oscillations and peaks452

appear that are reduced by NNC and M5P-DTA controllers. A453

precision improvement is seen with the M5P-DTA (Fig. 19-c)454

which corrects the NNC tracking delay (Fig. 19-b).455

Fig. 21 and Fig. 22 respectively represent the active power,456

the reactive powers and the rotor currents. the graphs describe457

the results obtained previously and recorded by the oscillo-458

scope for both NNC and M5P-DTA.459

Across the experiment results, we addict that, even if the460

PI controller is easy to implement, its use generates large os-461

cillations and important peaks in powers and currents during462

the test, which can be dangerous for the machine. Applying463

the neural network controllers reduced these problems, but464

the NNC-based M5P-DTA allows enhancing more the con-465

trol and obtain better results. Another interesting feature of466

the algorithm is that compared to other techniques such as PI467

controller2,5,6, neural networks22,23, fuzzy logic19,21, sliding468

mode8,11, backstepping16 and other techniques29,42–44, it gives469

the same even better performances (for some cases) with a470

very reduced processing time.471

DATA AVAILABILITY STATEMENT472

The data that support the findings of this study are available473

from the corresponding author upon reasonable request.474

VIII. CONCLUSION475

In this paper, an experimental study of the wind energy476

conversion system is carried out to obtain an improvement477

of the indirect control of stator active and reactive powers of478

the doubly fed induction generator. A wind emulator based479

on a DC motor is realized to generate the active power refer-480

ence values used for the experimental test. The stator powers481

are controlled indirectly via the rotor currents. At first, two482

NNCs were trained based on well-designed fuzzy logic con-483

trollers and then inserted into the DFIG control scheme. Sub-484

sequently, an M5P decision tree algorithm is applied for the485

optimization of the obtained NNCs. Also and, for a compar-486

ison purpose, a control scheme based on a standard PI was487

performed. The obtained results , whether experimental or by488
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FIG. 16. Experimental bench.

simulation, show that the proposed controller has improved489

the control of the DFIG from different sides. On the perfor-490

mance side, the M5P-DTA has made it possible to eliminate491

the oscillations and perturbations caused by the PI regulator,492

in particular for high powers, as well as to reduce the peaks in493

powers and currents which become less, even compared to the494

NNC. On the processing time side, the configuration and op-495

erating mode of the M5P-DTA allow it to complete the control496

task in a faster way compared to NNC, fuzzy logic controllers497

and even to standard PI. This feature is very appreciated dur-498

ing the implementation of complicated control systems such499

as that corresponding to the DFIG where a fast calculation500

time makes it possible to expand the control aims without re-501

quiring more sophisticated processing tools.502
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FIG. 17. Active power responses: (a). PI controller, (b) NNC, (c).

M5P-DTA.

FIG. 18. Reactive power responses: (a). PI controller, (b) NNC, (c).

M5P-DTA.

FIG. 19. Quadratic rotor current: (a). PI controller, (b) NNC, (c).

M5P-DTA.

FIG. 20. Direct rotor current: (a). PI controller, (b) NNC, (c). M5P-

DTA.
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FIG. 21. Active and reactive power: (a) NNC, (b) M5P-DTA.

FIG. 22. Rotor currents Idr Iqr: : (a) NNC, (b) M5P-DTA.
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