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The present paper concerns the indirect control of the stator powers of a wind system based on a doubly-fed induction
generator (DFIG). The DFIG is controlled by its rotor through an association of a grid side converter (GSC) with a
rotor side converter (RSC) and the stator makes it possible to supply a resistive load. The current 1.5kw generator is
driven by a wind emulator based on a DC motor. Simulation and experimental studies are carried out using first, a
conventional PI, an neural network controller (NNC), and then a M5P decision tree algorithm (M5P-DTA) is proposed
to bring improvements to the control. The M5P-DTA is obtained from a learning process via the data set provided by
neural network controllers. The proposed algorithm allows a fast and less complex control scheme for the DFIG. The
simulation study and its results are obtained through the MATLAB/SIMULINK software, while the experimental test is
carried out via the dSPACE DS1104 interface card ordered by MATLAB and the graphical interface of the Control-Desk

software.

I. INTRODUCTION 54

55

‘Wind energy has developed through advances in wind tech- :
nology, above all the introduction of the DFIG. Through the
variable-speed opportunity, the DFIG allows extracting and
converting the largest part of available wind energy. DFIG has |
been incorporated in most wind energy conversion systems
worldwide. DFIG’s management in the wind power sector
has undergone more changes and improvements, where sev-
eral control strategies are employed whose common objective
is to improve the dynamic performances of the generator via

the control of its the active and reactive powers . e

Since the DFIG is a nonlinear system, the control task can- e7
not be performed easily and directly. To make things easier, e
the field-oriented principle has been introduced to achieve the e
decoupling between magnetically (reactive power) and me- 7o
chanical (active power) behaviors allowing therefore a sepa- 71
rate and independent control for each variable. In literature, 72
several studies and diagrams have been conducted for DFIG 73
control. The conventional PI controllers offers generally the 7a
easy way for the active and reactive power control’. Despite 7s
their synthesis simplicity they give less satisfactory perfor-ze
mances and suffer from dependency on system parameters. In 7z
(®7), the authors propose a direct power control (DPC) based 7s
on the switching sequences table to produce a robust and fast e
power response. However, this technique has the drawback so
of the variable switching frequency®. To fix this problem, s:
a standard PI combined with DPC-space vector modulation sz
has been proposed in (>!%). In (') a nonlinear approaches ss
based on the sliding mode control (SMC) is considered, how- sa
ever, the use of the first-order SMC induces the chattering ss
phenomenon. In (1213, the authors combined a standard Pl ss
with the SMC to improve the robustness of the control and ez
attenuate reduce the chattering effect. In an attempt to fixss
the chattering problem a second-order SMC is proposed in se
(1+15). Beside, other non-linear approaches were applied on so
the DFIG such as the Lyapunov based backstepping control'®, o,
The association of the super torsion SMC strategy with the o2

DPC strategy ('7), the association of the DPC with an ANFIS
(adaptive neuro-fuzzy inference system) and a super twisting
SMC ('8). Despite their quite satisfactory results, these ap-
proaches are very expensive in terms of time and difficult to
implement, especially for non-linear ones.

Therefore, it was interesting to resort to artificial intelligent
solutions to further improve the DFIG performances. Some
attempts based on fuzzy logic controllers (FLC) have been in-
troduced to substitute the standard PI in (!°-2!). The required
improvement needs to increase the FLC membership, which
leads to more difficulty in experimental implementation. The
use of NNC in (*2%) shows that they are fast, simple, and
allow avoiding the drawback of system parameters variation
via the learning features. In the paper (*°), the author uses an
ANFIS system thus taking advantage of both FLC robustness
and ANN flexibility. However, the approximation error may
arise from insufficient learning, having less number of hidden
units or insufficient training data. Moreover, the implementa-
tion of the FCL need more space on target board, so we must
use look-up table blocks to replace FLC sub-blocks.

Moreover, several evolutionary algorithms appeared in the
last decades such as genetic algorithms, particle swarm opti-
mization, ant colony optimization, and M5P decision tree al-
gorithms (M5P-DTA). The M5P-DTA combines the features
of classification and linear regression. Like piecewise linear
functions, it fits system data into a multivariate linear model
so that the nonlinear relationship of the data sets is approxi-
mated. Compared to neural networks, the M5P-DTA has the
same accuracy with the same data but learns efficiently and
faster for very big data sets. In addition, the implementation
of M5P-DTA is easy and does not need complex computa-
tions.

Even if the MS5P-DTA has been introduced in some
photovoltaic-based renewable energy systems application it
stays new and unknown for wind energy conversion systems
control. Therefore, in this paper, the M5P-DTA is used for
the indirect control of the active and reactive powers of the
DFIG. The training data contained several inputs-outputs set
collected from the DFIG through two NNC where rotor cur-
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rents errors serve as inputs and rotor voltages as outputs. Ausas
comparison is performed between M5P-DTA and neural net-
work controllers where this last was supported by an exper-
imental test for both algorithms to prove the validity of the
proposed approach. The major interest of this paper is to es-
tablish a control strategy less cumbersome, simple, and easy
to realize. 135

The organisation of the paper begins with the modeling of
the DFIG with the different proposed methods for the indirect
control of the active and reactive powers of the DFIG stator.
Then two NNC are proposed for the control of DFIG rotor'™®
currents. Thereafter and to give improvements in the DFIG
control, the M5P-DTA has been proposed to substitute the two
NNC for more accuracy and less computation time. Indeed, A,,,
learning data set has been recorded and used for the training
to obtain a decision tree model, the training process is done
by WEKA software. The obtained tree model is inserted in
the control diagram instead of the two NNC. Finally, different
tests, whether by simulation or by experimentation have been
performed to validate the work presented here. For the exper+38
imental tests, they where achieved via MATLAB-SIMULINK
software and a 1104 dSPACE cardboard.

1l.  MODELING OF THE WIND ENERGY CONVERSION **
SYSTEM

The addressed wind energy conversion system (WECS)m
shown in Fig. 1 consists of three parts: the wind turbine,
the generator, and the load. For the turbine, a wind emulatosie:
based on a 1.5Kw Dc motor driven by a four quadrants Dc/Dc
converter is proposed to simulate the real wind turbine behav-
ior. The generator is a 1.5 Kw doubly-fed induction generator
supplied by the rotor side Dc/Ac converter (RSC). The grid is
connected with the system via the grid side Ac/Dc converter4?
(GSC). The control of the DFIG, as mentioned above, will be
carried out throw NNC and M5P-DTA algorithm. The control
allows generating the switching signals for the rotor side con-
verter. The load side consists of a resistive bank connected to
the DFIG stator winding. 143

144

145

FIG. 1. Wind conversion system diagram. e

The dynamical behaviour of the DFIG in the d— and
q — axis (rotating frame) is represented by the following
equations?0-30,

A. Stator and rotor voltages

dd,,
Vis = Relys + dr s — wxq:‘qu

APy
qu = Rxlqs + dt + oDy,

Dy,

d
Vdr = Rr]dr +

- wsq)qra

dd,,
Vqr = erqr + d[q' + &sPyr,

B. Stator and rotor fluxes

Dys = Lslags + Linday,

Dy = Lylys + Ly,

Dy = Lilgy + Linlys,

(I)qr = Lrlqr + Lmqu's

C. Stator active and reactive powers

Py = Vyolys + qulqs~,

QA' = Vqslds - Vdsqua

(1a)

(1b)

(lc)

(1d)

(2a)

(2b)

(20)

(2d)

(3a)

(3b)

Using Egs. (1) and Eqgs. (2) The dynamic of the DFIG can
be organised as follows:

dlgs

1, 1,
=A [ld‘v ] +A; {[dr] +A4;3
qs qr

7Rer me;%n - L.erGws_
— L2 — LL,cw; —R,L,
RsLm - mesLm
Wy LsL,y, RsL,,

Vas 7
Vs
Vir

Vq: i

“)

(&)
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—uLL, R/L,
Ay = mierbom rbm 6
2 7RrLs 7meer + Lero-a).r ( )
(DmLer + LA‘Lro-wx 7RI'LS

L 0 —-L, O

0 r 0 7Lm
A=1_ 0 .0 (O]
0 —L, 0 L

where, Vi and Vs are d— and g — axis stator voltages, Vg,
and V,, are d— and g — axis rotor voltages, I; and I, are d—
and g — axis stator currents, Iy and I, are d— and g — axis ,
rotor currents, ®4; and @, are d— and g — axis stator fluxes, .
@, and &, are d— and g — axis rotor fluxes, P and Qs are
stator active and reactive powers, R, and R, are stator and rotor
resistances, Ly, L, and L,, are stator, rotor and magnetizing
2
inductance, 6 =1 — Lf’Z, is the dispersion coefficient,  is the
rotating frame speed, @, is the rotor speed, p is the numbenz7
of machine pole pairs.

1ll.  STATOR FIELD ORIENTATION

178

The field-oriented control is consisting of orienting the sta-
tor or rotor flux axis along the d — axis which allows achieving
a decoupling between the d— and g — axis so that the control
of DFIG active and reactive powers can be independent’!32,,,
For the DFIG, the orientation of the stator flux is achieved as
follows:

q)qs =0= Py, =Dy (80
According to the flux orientation given by Egs. (8), the
DFIG voltages and currents become: 181
182
L
Las = @~ "Ly (9akes
LS
184
185
L 186
1‘15 = _fqu (9b)137
188
189
Vis =0 (10aye°
191
192
Vqs =V,= Rsqu + 0, Py (10b)ss
194
195
do,
Vir = Relgr + — 2 — 0,@y, (10cyse
dt 197
198
d‘bqr 199
Vgr = Relyr + v + o, Py, (10d),,,

with V; and ®; are stator voltage and flux resulting from the
field orientation condition. By using equations 9 and 10, the
stator powers and the electromagnetic torque become:

L
Py= _(Vsl)lqr (11a)
LA'
Qs = Vi, (v, L’”)I (11b)
s = Ls K Ls dr
L
Tom= L)1, @, (110)
LS

By combining Eqgs. (4), Egs. (9) and Eqgs. (10), the rotor
voltage equations become:

12 dI

Vir = Relar + (L = ) N (12a)
ng dI‘I"

Vgr =Rr+( ,7L—S) a +ey (12b)

With ¢4 and ¢, are the coupling part given by:

12
€d = Sws(Lr - f)lqr (13a)
Ly L,y
eq=sa)s(L,—L—X)Id,+s L (13b)
withs=1— % is the machine slip

IV.  FUZZY LOGIC-BASED NEURAL NETWORK
CONTROL

The neural network is a mathematical model that imitates
the operating mode of human nervous system. The feedfor-
ward multilayer structure is mostly used, where the neural
network is created by a set of artificial neurons weightily con-
nected organised in a number of layers and equipped with an
activation functions to perform a well-defined task. Consid-
ered as an universal approximator, the multilayer neural net-
work allows the approximation of divers non-linear behaviour
from an input-output data set and a training phase.

The used NNCs are designed and trained from a control
scheme involving the orientation of the DFIG stator field as-
sociated with FLC. Using equations 13, two FLC are selected
for the control of the DFIG active and reactive powers as illus-
trated on Fig. 2. The FLC scheme is then exploited to provide
the inputs-outputs set needed for the NNC training process.
The rotor currents errors and current error variations are used
as inputs for the NNs controllers while the rotor voltages are
used as outputs.
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FIG. 2. FLC-based field oriented control for DFIG rotor currents.

In figure 2, P} and Qj are stator active and reactive powers,
I}, and I}, are stator current references resulting from powers
references and V7, and V5, are stator control voltages resulting
from control.

After a training phase, the resulting NNCs are used in the
control scheme instead of fuzzy logic controllers as shown on
Fig. 3 for the active and reactive powers control. The substi-
tution of fuzzy logic controllers by NNCs ones is motivated
by two reasons. Firstly and, with the same performances and
robustness features the NNCs are more simpler for designing,,,
and implementation (*>3%). Secondly, the NNCs are better
suited for the approach that will be proposed later for more
simplification of the DFIG control scheme.

Vrg*

236

237

Ird 1 qQ
S iN » Vid* [z
Ot

FIG. 3. NN control diagram for DFIG rotor currents

V. THE M5P-DTA-BASED CONTROL

The M5P-DTA is one of the faster machine learning algo-=so
rithms. This algorithm is based on a combination between thess:
decision tree algorithm and the linear regression algorithmas=
Generally, the obtained tree model is composed of three nodes
called: root node, internal node, and leaf node. These nodes
are interconnected with branches as illustrated in Fig. 4. In
the present section, this algorithm is proposed to enhance the
neural network controller, specially in processing time. The
used M5P-DTA is based on standard deviation (SD) as split-
ting criteria, that is mean that the attribute that has the max-ss
imum SD is the selected one. In this later a linear model isss
used for leaves of regression trees to predict the values of thess

4

numeric response variable. i.e. the last nodes are linear regres-
sion functions that can give continuous numeric attributes as
in Figure 5. The algorithm works by dealing with the standard
deviation of the class values in a node as error measurement
and calculates the expected reduction of this error as a result
of the test of each attribute and the target in this node. The
MS5P model works in many stages>’.

Branche:

fa—

FIG. 4. Basic diagram of the M5P algorithm.

A. Decision tree

In this first stage, a nominal output based on a data set is
provided from a class label predicted by a form of construc-
tion tree and generalized as a non-parametric model during the
training phase, thus allowing the correct classification of un-
seen data in most of the cases. The growth phase is based on
the values of the attributes to subdivide the nodes. The model
composes of three different nodes called, the roots node con-
tains the attribute that has the maximum standard deviation
reduction, the internal node, and the terminal node (leaf). The
main objective is to increase the depth of the tree by the re-
duction of the data-set to a smaller subset, then the multiple
regression model is constructed. Based on minimizing the
prediction errors of the numerical responses, an attribute is
chosen and used to split the data set at each node. The predic-
tion error is calculated by measuring the standard deviation
reduction (SDR) which is expressed by>*3:

i sD(T) (14)

SDR = SD(T) —2,-| T

Where T is the input data set that reaches the node, 7; is the
resulting sets of the split node via the chosen attribute and the
SD represents the standard deviation.
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B. The linear regression 287

288

The linear regression is a statistical tool used to establish
forecasts whose purpose is to estimate the relationship be-
tween two or more variables to develop a linear function.
Talking about simple regression when we have an indepen-
dent variable or multiple regression when we have several ex-,
planatory variables as used in the M5P-DTA which represents,
an advantage due to its efficient and simple model. Based on,
the set of examples reaching the node, a multi-linear regres-,
sion model is built for each leaf, Fig. 5. A simplification of,__
the regression model is realized for the case of predicted er-
ror diminution for the future data. Equation 15 expresses the
general form of the linear model (LM). The minimization of
the least squares error of the actual and predicted values of the
training data (Eq. 16) and performed by the algorithm allow-

2

ing the weight of the linear model to be calculated*. 204
205
206
LMj:(l)j0+COj1a1+"~+COjkak (15)
207
MinL(T —T')? (16)

With LM; is the linear model number j, ;; are the weights of*®
the linear model LM and g; are the attribute value. 209

- 301

LM2 ;4 302
il LM3 1ma
. 304
[ ]
® . LIPS
L]
[ ]
[ ]
3 L]
[ ]

305
Data set 300
307
308

5 1 1 1

1] 0.5 1 1.5
309
FIG. 5. Multi-linear regression for the data set.

310
311
. 312
C. Pruning step 213

The current phase is so important that it allows the model tas:s
be improved. Usually, the M5P algorithm provides a compli-sie
cated initial model, this latter may have unnecessary sub-trees:z
nodes and branches, which may lead to a wrong prediction fos:s
the invisible set. The pruning phase consists in deleting theseso
branches or sub-trees to have a tree model of minimal sizeszo
and more efficient prediction accuracy. At each instant whensz:
the reduction of the estimated error is performed, the tree is22
pruned. The estimation process of the mean absolute erroszs
(MAE) between the actual value T and the predicted value Tz2a

(Egs. (17)) reaching the present node allows the compensation
between the tree unpruned and pruned models (*7~*1).

MAE:iZMTfT/\ )
N

Where N represents the number of examples. The mean
absolute error estimation of the samples reaching the current
node generally underestimates the predicted error of the un-
seen cases, a compensation via multiplication by a factor is
carried out, to minimize the estimated error.

n—+v
n—vy

(18)

‘While n represents the number of learning instances reach-
ing the node and v is the number of elements in the model
representing the value at that node’®.

D. The smoothing process

In this step and behind, the model is improved from an ac-
curacy point of view through the smoothing process. For a
pruned tree model, the discontinuity model is unavoidable for
linear models adjacent to the leaf level. The step is important
precisely for the models obtained with a low number of train-
ing and thus which contain different scenarios. the smoothing

is expressed by p’ and calculated as follows3®*! :

i _mptkp

n+k {19

p

Where p is the predicted value given to the current node,
g is the model predicted value in the current node, n is the
number of training examples, and k is a constant which equals
to 15.

E. Training phase

The aim of this paper is to project a new artificial intelli-
gence algorithm to bring improvements to the indirect control
of the active and reactive stator powers of DFIG. The expe-
rience takes place by synthesizing an algorithm defined by a
simple If-Then script which makes it possible to replace the
neural network controllers. The M5P model is schematized
based on the inputs and outputs of the data set collected from
the NNC test. The data set of 10000 test instances of inputs
and outputs are characterized by error, error variation of rotor
currents Iy, Iy, and rotor voltage reference targets are used
to synthesize a script of 20 rules for active power and 42 rules
for reactive power. Indeed, 66% of the data is used for train-
ing and the rest is used for testing, Fig. 6. The decision tree
model is obtained using weka software based on the NNC test
data-set.
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FIG. 6. data-set distribution for training and testing process.

In this study, the generated active and reactive power con-
trol is carried out through the rotor current control. The pro-
posed algorithm replaces the neural network controllers as it,,,
is described in Fig. 9. Tree models are obtained for d— and
g—axes via the learning process by using the collected exam-
ples of errors, errors variation, and rotor voltage references
introduced in WEKA software.

After the different process steps mentioned previously,
Fig. 7 and 8 show the M5 pruned tree model, the script rules
and the decision tree for quadratic (/,4) and direct rotor cur-
rents (I,7). The active power control containing 20 rules while
the reactive power control is achieved with 42 rules. Table I
represents the obtained test results for both I, and I,,;.

TABLE I. Rotor currents tests results.. 3a7
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 348
Relative absolute error 0.9392 0.9392
Root relative squared error 1.491 1.491
Total Number of Instances 3400 3400 340

®) [ 353

<:—5.A.sss

G-T156 5-7.156  <=-4.421 >-4421

[M3A720317%) LMS(191/0.361%)
LM4(136/0397%)

<=-8258 5858 v 2 160
T

024*¢-0.0008 362

| e<=-8.258 : LM1 (113/0.278%) | 355
| €>=8.258 : LM2 (108/0.28%)
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e>-5558 :
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©

e<=-5558:
| e<=-7.156
|

LM num : 5
Cp = 0.0246*¢+0.0017

FIG. 7. M5P algorithm for I,; : (a) The target attribute weights, (bkes
The script rules, (c) The decision tree . 366
367

Fig. 9 illustrates the proposed MSP tree model controbes
scheme. The I,; control is done via decision rule using ersese
ror and error variation while the I,;, control required only theso

PoN

<=-5248  >-5248

906 : LM2 (52/2.139%)
7

|
|

<=-8.457 >-8.457 S } 806 : LM3 (75/1.072%)
|

[1§
1 I e 06 : LM4 (100/1.031%)
e>-5248
[ || e <=-4167: 1:5 147/0.723%)
LM num: 1 5
<=-6.806 >-6.806 ©

Cq=0.0188*e+0.0132*De-0.0463
<=-10.906 >-10.906 LM nus

m: 2
Cq=0.0205% +0.014*De - 0.0269
[a2(522139%) | [£3141001.031%) | || LM num: 3
Cq=0.0222% +0.0188*De - 0.0123
LM1(3811.27%) [LM3(751.072%) LM num: 4

Cq=0.023% + 0.0197*De - 0.0061
LM num: §
Cq =0.024% + 0.0218*De - 0.0008

FIG. 8. M5P algorithm for 1,4 : (a) The target attribute weights, (b)
The script rules, (c) The decision tree .

€rror parameter.

Trd 1 eq —
Ird* R fa
E) _.®|._'1* v‘(yfi Vrd*
dt rEx

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

VI. DATA MANAGEMENT

To realize the decision tree model, a data-set is needed to
establish the training process. Indeed, the tree model is pro-
posed whose main purpose is to improve the control scheme
of the rotor currents /., and I,4, to better control the stator’s
active and reactive powers. An experimental test based on the
NNC was carried out and recorded via the Control-Desk soft-
ware for 30s. Through this recording, an input/output data set
of appropriate size has been collected for the NNC training
process. The control scheme uses two NNCs, one for active
power and the other for reactive power. the first NNC has as
inputs the error and error variations of quadratic current /,,
(Fig. 10-a and 10-b) and as output the quadratic rotor voltage
Vg (10-c). For the second NNC, the input are the error and
error variations of direct current /,; (Fig. 11-a and 11-a) and
the output is the direct rotor voltage V,, (Fig. 11-c).

After the NNCs training process, the WEKA software and
from the trained NNCs parameters generates the wanted de-
cision tree model that is a simple set of 'IF-THEN’ rules. Fi-
nally, the resulting tree model is inserted in the control bloc
to substitute the two NNCs, Fig. 9. During implementation
phase, some inputs/outputs set is recorded and used to check
the established tree-model. Fig. 10-c and Fig. 11-c show that
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the output voltage for both NNCs and tree models are verysze
closes.

o ‘ I (a) 381

larerror [A]

o m
oA

3
Time (5] 390

FIG. 10. Training data for active power control : (a) I error, Ijsg,
error variation, (c) Quadratic rotor voltage V-
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FIG. 11. Training data for reactive power control : (a) I, error, I;,
error variation, (c) Quadratic rotor voltage Vy, . 7

VII. RESULTS AND DISCUSSIONS

In this paper, a comparative study is performed and applied
to the 1.5 kW WECS representing a DFIG driven by a wind
emulator based on a DC motor. The study permits the in-
direct control of the DFIG stator active and reactive powers
through rotor currents I, and I,4. Firstly, an NNC is built
and applied to the rotor currents control. Then to improve the
control results, the decision tree algorithm is built to replace
the NN controllers. In addition, a PI-based control scheme
is performed for a comparison purpose.The work carried out
involves both simulation tests and an experimental tests. The
parameters of the used DFIG are: R; = 4.85Q, R, = 3.805Q,
Ly=L,=0.274H, L,, = 0.258H.

A. Simulation results

The simulation test is carried out for 30s at variable speed
by using the real parameters of the DFIG which is used in the
experiment study step.

Fig. 12 shows the active power control result by using stan-
dard PI, the NNC and the M5P-DTA. The active power refer-
ence is imposed from the MPPT strategy, we can notice that
the emulator based on the DC motor is driven to provide an
active power profile close to that of a real wind model. Dur-
ing the test, The reference power is varying between O and
1500 watts. The control has been performed with good track-
ing of the reference power for the three controls, except that
the result obtained by applying the M5P-DTA is better than
that obtained with the NNC and the conventional PI where the
chattering is significantly reduced.

Active power W]

15
Time (5]

FIG. 12. Stator active power.

The result of the reactive power control is illustrated in
Fig. 13, a constant reference value was imposed from outside
equal to 763 Var to keep the direct current I,d equal to zero
during the test. It is noticed that the measured variables track
perfectly the references with an improvement by applying the
MS5P-DTA.

Fig. 14 and 15 represent the rotor currents evolution. It
is obvious that the currents I,d and I,q are respectively the
images of the reactive and active powers and take the same
shape as theses powers, see equations 12. For both currents
the control is performed with a good dynamic performance
with more reduction of the chattering phenomenon on the side
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Reactve power Var]

15
Time (5]

FIG. 13. Stator reactive power. aa7

of the M5P-DTA compared to the other controls. 450

Direct rotor current [A]

15
Time (5]

FIG. 14. Direct rotor current.

15
Time (5] 472

FIG. 15. Quadratic rotor current.

B. Experimental results 475

Fig. 16 describes the workbench which allows realizingre
the experimental test of the WECS. The test and its results:zz
have been done through MATLAB/SIMULINK software, thesrs
dSPACE DS1104 control board, and the Control-Desk graphaze
ical interface. 480

The first part consists in implementing the wind emulatoms:
based on a Dc motor. By choosing an appropriate wind pro-sz
file, the Dc motor speed is controlled so that this last gener-ss
ate the reference values for the DFIG active power, given ires
Fig. 17. The results of active power obtained with the conven-ss
tional PI controller (Fig. 17-a), the NNC (Fig. 17-b) and the:ss
MS5P-DTA (Fig. 17-c). As in simulation, the control is per-ssz
formed correctly in experimental test, with a more improvedss

tracking is seen in the M5P-DTA results. Indeed, the M5P-
DTA makes it possible to eliminate the important oscillations
appearing in the classic PI results, when the power exceeds
500W as well as to reduce the delay, between the active power
and its reference, seen in the NNC results.

The reactive power is represented by Fig. 18, it remains at
a constant value of 763 Var throughout the test, which means
that there is no reactive power transaction between the DFIG
stator side and the grid, since the direct current iy, is equal to
zero (Fig. 20). Moreover, important peaks reaching 1200 Var
are noticed in the PI results (Fig. 18-a), they are reduced by
the NNC to around 950 Var (Fig. 18-b) and they not exceed
900 Var for the M5P-DTA model (Fig. 18-c).

Fig. 19 and Fig. 20 show respectively the quadratic and di-
rect currents (igy, ig,). Similar to active and reactive powers re-
sults, the use of the PI makes important oscillations and peaks
appear that are reduced by NNC and M5P-DTA controllers. A
precision improvement is seen with the M5P-DTA (Fig. 19-c)
which corrects the NNC tracking delay (Fig. 19-b).

Fig. 21 and Fig. 22 respectively represent the active power,
the reactive powers and the rotor currents. the graphs describe
the results obtained previously and recorded by the oscillo-
scope for both NNC and M5P-DTA.

Across the experiment results, we addict that, even if the
PI controller is easy to implement, its use generates large os-
cillations and important peaks in powers and currents during
the test, which can be dangerous for the machine. Applying
the neural network controllers reduced these problems, but
the NNC-based M5P-DTA allows enhancing more the con-
trol and obtain better results. Another interesting feature of
the algorithm is that compared to other techniques such as PI
controller>>®, neural networks?>?3, fuzzy logic'*?!, sliding
mode®!'!, backstepping!® and other techniques?>*>#* it gives
the same even better performances (for some cases) with a
very reduced processing time.
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VIIl. CONCLUSION

In this paper, an experimental study of the wind energy
conversion system is carried out to obtain an improvement
of the indirect control of stator active and reactive powers of
the doubly fed induction generator. A wind emulator based
on a DC motor is realized to generate the active power refer-
ence values used for the experimental test. The stator powers
are controlled indirectly via the rotor currents. At first, two
NNCs were trained based on well-designed fuzzy logic con-
trollers and then inserted into the DFIG control scheme. Sub-
sequently, an MSP decision tree algorithm is applied for the
optimization of the obtained NNCs. Also and, for a compar-
ison purpose, a control scheme based on a standard PI was
performed. The obtained results , whether experimental or by
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FIG. 16. Experimental bench.

simulation, show that the proposed controller has improved:s
the control of the DFIG from different sides. On the perforsze
mance side, the M5P-DTA has made it possible to eliminaté**
522
the oscillations and perturbations caused by the PI regulatortzs
in particular for high powers, as well as to reduce the peaks in,,
powers and currents which become less, even compared to theszs
NNC. On the processing time side, the configuration and op-#2¢
erating mode of the M5P-DTA allow it to complete the controfz’
task in a faster way compared to NNC, fuzzy logic controllersszq
and even to standard PI. This feature is very appreciated dursso
ing the implementation of complicated control systems suchss:
as that corresponding to the DFIG where a fast calculatiorf*2
time makes it possible to expand the control aims without re—::
quiring more sophisticated processing tools. a5
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