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ABSTRACT The integration of wind energy systems into the electric grid has become inevitable despite the
many problems associated with this integration. Most of these problems are due to variations in wind speed.
The problems are for example oscillations in the power generated, which implies the lack of guarantee of
obtaining the maximum energy and the ripple in the electromechanical torque of the generator. This work
aims at mitigating these problems for wind energy conversion system-driven doubly-fed induction generator
(DFIG), which is themainwind turbine utilized for energy applications. Thismitigation is performed through
direct reactive and active powers control of the DFIG using an artificial neural network. A DSP (Digital
Signal Processor-dSPACE DS1104) was used to experimentally test the proposed strategy. The dynamic
performances of the controlled generator are analyzed by using the designed intelligent control strategy in
the case of variable wind speeds and upon sudden change of the active power demand. Based on the obtained
experimental results, it can be said that the designed intelligent control strategy outperforms traditional
methods like direct power (DPC) and vector control in terms of reducing the current harmonics, and torque
ripples, and enhancing dynamic response.

INDEX TERMS Artificial neural network, direct power control, DFIG, digital signal processor, variable
wind speeds.

I. INTRODUCTION
Developing and increasing the utilization of renewable
energy sources had become necessary thanks to the low cost
of these sources, and their impact on reducing gas emis-
sions. Due to its technological development, wind power has
become the most widely used and popular type compared
to other renewable energy sources. This is because of the
ease of control and the reasonable production cost of elec-
trical energy [1]. The problem associated with using wind
energy as a source of energy is the full dependence on the
wind speed which is variable. This speed variation negatively
affects the quality of the generated power since it causes
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fluctuations in the electrical power, and ripples in the electro-
magnetic torque of the generator besides the deviation from
the maximum point of the produced power from wind turbine
systems (WTSs) [2]. Dealing with variable-speed WTS is
a challenging and complex issue that leads to the contin-
ued use of fixed-speed WTS despite its drawbacks [2], [3].
On the other hand, variable-speed WTS acquire accurate
and efficient control algorithms to deal with these variations
in the generated energy and to maintain the energy qual-
ity at higher levels. The critical issue before selecting and
designing the controller is choosing the appropriate generator
for such variable-speed applications [4]. The most suitable
generator for such applications is the doubly-fed induction
generator (DFIG) [5]. DFIGs represent more than 50% of
the generators used in WTSs [6] although the presence of
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other generators like switched reluctance generators [7], self-
excited asynchronous generators [8], and permanent mag-
net synchronous generators [9]. DFIGs are characterized by
durability, low maintenance cost, and ease of control com-
pared to other types [10]. In addition, there are many control
schemes of DFIG-WTS. The classic control scheme is a
field-oriented control (FOC) that is widely used in indus-
trial applications [11]. However, the implementation of the
FOC strategy to regulate DFIG power still suffers from the
disadvantages of ripples in torque, active power, and slow
dynamic response due to the use of a proportional-integral
(PI) controller [12]. Moreover, the performance of the FOC
strategy depends largely on the accuracy of the studied model
compared to other controls. In addition, the dynamic perfor-
mance of DFIG-based WTS controlled by the FOC strategy
strongly depends on the design of the PI parameters. The PI
parameters of the FOC strategy are proposed based on a single
operating point [13]. In other words, the PI controller can not
adapt its parameters if the operating point is changed [14].

Several techniques have been suggested to replace the
FOC strategy and advance the dynamic response of electric
machines. Direct torque control (DTC) is one of the most
popular and simplest of these techniques [15]. DTC was
used for the first time in order to control the asynchronous
motor and then it was applied to all electrical machines [16].
This control is among the least expensive and gives a very
fast dynamic response compared to the FOC strategy [17].
There is another control with the same principle as the DTC
strategy, and this technique uses also a switching table to
control the inverter. Direct power control (DPC) is the name
of this control method, and it possesses the same features and
advantages as the DTC strategy [18]. The difference between
DPC and DTC strategies is the reference magnitudes used in
control, wherein DTC strategy, torque, and flux are used. But
reactive and active power are employed as references in DPC.

The use of DPC to manage the field of control allowed
for the asynchronous and the synchronous generators, due
to the simplicity of control, straightforward to implement,
and inexpensive of completion compared to classical controls
such as FOC [19]. Moreover, due to the dynamic response
offered by this strategy, unlike other controllers. FOC has
numerous benefits and distinguishing features, but there are
also a number of defects such as many ripples in both the
reactive and active power. As well as the low quality of
the current generated, it results in a reduction in the life
of electrical appliances. To avoid these problems and try to
reduce them, there are several solutions suggested to advance
the effectiveness and the operation of the DPC. Among these
solutions, we find artificial intelligence and nonlinear tech-
niques [20], [21]. These techniques gave good results, espe-
cially in terms of dynamic response. However, they require
proficiency to change their parameters as they gain greater
expertise and take longer to adjust.

Several experimental works were carried out on the DFIGs
to verify the designed methods as summarized in Table 1.

TABLE 1. Experimentally implemented methods on DFIGs.

Through this table, several techniques have been experimen-
tally implemented, including what is linear and non-linear,
and this is by using several types of controllers such as PI,
sliding mode controller (SMC), and synergetic controller.
It should be mentioned that all the applied works were con-
ducted using asynchronous generators with low power, where
the power range is between 1 KW and 15 KW.

Through the experimental work, no control scheme gives
much better results or eliminates ripples for the reactive and
active powers. Moreover, the dynamic response varies from
one technique to another. By comparing these experimental
works, the DPC technique gives unacceptable results. In this
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technique, there are ripples in both the current and the active
power that gives a large value to the total harmonic distortion
(THD) in the current waveform. All these defects lead to a
reduction in the life of electrical appliances and fluctuations
in the electrical network.

To enhance the quality of the current that is produced by the
DFIG-WTS and reduce ripples at the level of current, torque
and active power, a new DPC strategy is proposed and it is
experimentally verified. In this experimental work, a novel
idea is given for DPC strategy using both artificial neural
network and pulse width modulation (PWM). The designed
DPC technique is a radically modified version of the classical
DPC technique, where both the switching table and hysteresis
controller are replaced to get a more robust DPC strategy. The
designed intelligent strategy will be explained in detail in the
remainder of the work.

The contribution made in this paper can be summed up in
the following statements:

1. A novel form of DPC strategy based on artificial neural
networks and PWM technique.

2. Experimental implementation of the proposed intelligent
DPC technique using dSPACE.

3. Reducing ripples at the level of both active power and
current.

This work contains seven headings from the introduction
to the references. Section I is an introduction. Section II
describes the single-rotor wind turbine modeling. Section III
presents the proposed intelligent DPC strategy using PWM
technique. Numerical results are described in Section IV of
the paper. The implementation of the proposed technique
using the DSPACE card is explained in detail in Section V.
Section VI describes the experimental results obtained from
the designed intelligent control using variable and step speed
wind profiles. Finally, this experimental work was ended with
a conclusion, where all the conclusions reached through this
work were summarized.

II. MODELING OF THE WTSs
In the past years, existing electric power generation systems
that have been used in wind energy were based principally on
induction generators due to their high efficiency and flexible
controllability. The following figure represents an electrical
power generation system using wind energy. In this way,
to generate electric power, we need a generator, a turbine to
rotate the generator and we also need two inverters to feed the
generator. To spotlight the advantages the proposed system
is very simple and inexpensive compared to the traditional
technique of generating electric power, and on the other hand,
it contributes to reducing gaseous emissions [35].

The wind’s energy can be expressed as [36]:

Pt =
1
2
ρπR2V 3CP (λ, β) (1)

The power produced by the wind is related to the speed of the
wind (V ), the blade length (R), power coefficient (CP), and
the air density (ρ), contrasted with, we can express the power

FIGURE 1. Structure of WTS.

coefficient by Equation (2).

Cp (λ, β)= 0.5
(
116
λi

−0.4β − 5
)
exp

(
−21
λi

)
+0.0068λ

(2)

Through this equation, the value of Cp is related to (β) and
the tip speed ratio (λ). The value of Cp can be controlled by
changing the wind reception pitch angle (β) of the turbine
blades. As is known, Cp is maximum when β = 0. Equation
(3) depicts the turbine’s tip speed ratio. Through this equa-
tion, the tip speed ratio is closely related to the pitch angle.
According to Equation (3), λ is maximum when the pitch
angle is zero, and in this case, the power gained from the wind
is maximum.

1
λi

=
1

λ+ 0.08β
−

0.035
β3 + 1

(3)

Equation (4) shows the relationship between the speed of a
turbine (�t ), blade length, wind speed, and λ. So, the optimal
value of λ can be determined as:

λ =
�tR
V

(4)

The torque produced by the turbine can be expressed by the
following equation [29]:

Taer =
1

2�t
ρπR2V 3CP (λ, β) (5)

The function of the gearbox is to adapt the low speed �t of
the turbine rotor to the high speed �m of the DFIG: Tm =

Taer
G

�m = G�t

(6)
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FIGURE 2. Traditional DPC strategy.

From the torque (Taer ) and speed (�t ) of the turbine, the
speed (�g) and torque (Tg) of the DFIG can be calculated
using the equation (6).

The speed and torque of the turbine and the DFIG can be
linked by the following relationship:

Tm − Tem − f ·�m = Jtot ·
d �m

dt
(7)

where, Jtot is the moment of inertia and f is the total friction.
As is well known, the adopted generator (DFIG) is made

up of two sections, one of which is static and the other is
movable. This generator has characteristics that distinguish
it from other machines or other types, as it is easy to control
and gives a greater energy return if there is a changing wind
speed [37]. To give the mathematical form of this type of
machine (DFIG) in this work, we will give all the equations
that express the voltage and flux of the generator in addition to
the mechanical equation. The voltages of the rotor and stator
section of the DFIG are shown in the following equation [11]:

Vds = RsIds +
d
dt
ψds − ωsψqs

Vqs = RsIqs +
d
dt
ψqs + ωsψds

Vdr = RrIdr +
d
dt
ψdr − ωrψqr

Vqr = RrIqr +
d
dt
ψqr + ωrψdr

(8)

Equation(9) represents the flux at the stator and rotor level.
ψds = LsIds +MIdr
ψqs = LsIqs +MIqr
ψdr = Lr Idr +MIds
ψqr = Lr Iqr +MIqs

(9)

where, isd , isq, ird , irq, are the stator and rotor d-q axes cur-
rents, respectively. φsd , φsq, φrd , φrq, are the stator and rotor

FIGURE 3. Reactive power hysteresis comparator.

FIGURE 4. Active power hysteresis comparator.

flux components, respectively. Vsd , Vsq, Vrd , Vrq, are the d-q
axes voltage components of the stator and rotor, respectively.

The active power of the DFIG is the product of the current
and the voltage, and the same magnitudes define the reactive
power. Equation (10) represents the relationships that deter-
mine the reactive and active power of the DFIG.

Ps =
3
2
(VdsIds + VqsIqs)

Qs =
3
2
(VqsIds − VdsIqs)

(10)

The mathematical form of the DFIG is not complete without
the mechanical part model. The latter can be expressed by
equation (11). Themechanical component depicts how torque
and speed of the DFIG are related [13].

Te − Tr = J ·
d�
dt

+ f ·� (11)

In the control, there are several techniques used to control
generators, and the most famous of these techniques are the
non-linear ones that depend on the use of SMC. This control is
more robust than the DTC, FOC, and the DPC strategies. The
DFIG control in this paper is dealt with using the proposed
DPC strategy, and this depends on the maximum power point
tracking (MPPT) strategy.

III. PROPOSED DPC STRATEGY
The DPC has historically been utilized extensively in the
production of renewable energy because of its benefits in
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FIGURE 5. The proposed control of the DFIG-WTS.

FIGURE 6. The internal architectures of the utilized MLPs.

terms of dynamic responsiveness, quick and easy implemen-
tation. [38]. However, classical DPC using a lookup table
is a robust strategy compared to the FOC technique. In this
control, the inverter is controlled using a lookup table and
two hysteresis comparators are used to regulate the active
and reactive powers [39]. Figure 2 shows the classical DPC
for controlling a WTS driven by a DFIG. From this fig-
ure, the DPC is a simple strategy that minimized current
undulations, reactive/active power undulations, and THD of
voltage/current compared to the FOC strategy. Comparing
this method to vector control, it also provides a quick reaction
dynamic [40].

In this technique, to regulate the reactive and active power,
we need to estimate both the quadrature and direct rotor flux
of the DFIG. The rated values of quadrature and direct rotor
flux are used to calculate the values for the rated active and
reactive power. These values are called measured values that
are used as the reference values for calculating the errors
in active and reactive powers. Equation (12) represents how
to calculate each of the quadrature and direct rotor fluxes

FIGURE 7. (a) Active power controller ANN learning development and
training (b) Performance curve of training (MSE).

of the DFIG. Through this equation, it can be said that the
quadrature and direct rotor flux is related to the values of both
rotor voltage and current.

9rα =

t∫
0

(Vrα − Rr Irα)dt

9rβ =

t∫
0

(Vrβ − Rr Irβ )dt

(12)

The flux amplitude is calculated by:

9r =

√
92
rα +9

2
rβ (13)
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FIGURE 8. (a) React power controller ANN learning development and
training (b) Performance curve of training (MSE).

The rotor flux and voltage interrelationship is shown in
Equation (14). ∣∣9r

∣∣ =

∣∣Vr ∣∣
wr

(14)

Equation (15) represents the rotor flux angle, where this angle
is employed to determine the locations where the reference
voltage ray is present. This perspective is crucial in under-
standing. This angle has a countless significance in traditional
direct control of torque and power.

θr = arctg(
9rβ

9rα
) (15)

To calculate the value of each of the active and reactive
power, equations (16) and (17) can be used. Through these
two equations, the value of the reactive and active power is

TABLE 2. Lookup table of traditional DPC strategy.

related to the value of quadrature and direct stator voltage and
rotor flux [13].

Ps = −
3
2

Lm
σ.Ls.Lr

· (Vs.ψrβ ) (16)

Qs = −
3
2
(
Vs
σ.Ls

· ψrβ −
Vs.Lm
σ.Ls.Lr

· ψrα) (17)

With:

σ = 1 −
M2

Lr Ls
(18)

As is known, to control the inverter, a switching table
employed in the DTC is used. On the other hand, two hystere-
sis controllers are presented to control the reactive and active
power. A two-level hysteresis controller was used to regulate
the reactive power, and a three-level hysteresis controller was
used to regulate the active power. Figure 3 shows the reactive
power hysteresis comparator (RPHC), where this exists as the
last output gives the last two values 0 and 1. In addition, the
output of the active power hysteresis comparator (APHC) is 0,
1, and −1 (see Figure 4). In addition, the output of reactive
and active power hysteresis controllers is the input of the
traditional lookup table. The zone of the rotor flux is six-zone
and the classical lookup table is provided in Table 2, [39].
In the traditional DPC strategy, there are 8 voltages (V0 toV7)
generated by the classical inverter, and these voltages are used
to fill in a classical lookup table. Moreover, there are 6 zones
of the reference voltage.

The traditional DPC technique of the DFIG has downsides
like any other strategy. It gives better results compared to the
FOC strategy. But there are ripples at the level of both the
reactive and active power, and the value of the current THD
is high, which leads to poor quality of the current and thus the
effect on the network [42]. All this leads to a weakening of
the efficiency of electrical machines and a shortening of the
life of the equipment. Additionally, the current’s poor-quality
results in a lot of faults, and consequently, the high cost of
maintenance [43].

To address the shortcomings of the conventional DPC strat-
egy, a novel control was proposed in this study. The designed
methodology is based on ANN and PWM techniques. The
designed technique is a robust/simple technique, simple to
implement, and has a dynamic quick response dynamic com-
pared to the DPC and FOC strategies. This suggested con-
troller is a radical modification of the DPC, where the PWM
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TABLE 3. ANN parameters.

FIGURE 9. Wind profile.

FIGURE 10. Mechanical rotor speed.

technique is utilized instead of a classical lookup table and
ANN controllers are used instead of a hysteresis comparator.
In this way, a more robust technique is obtained compared to
both the DPC and FOC strategies.

Figure 5 depicts the planned DPC technique that is sug-
gested for regulating the reactive and active powers of the
DFIG-based variable speed WTS.

In this presented strategy, an ANN controller was used
for regulating the reactive and active powers. This control,
as is well known, is one of the most often used artificial
intelligence controllers. This control was used to obtain a
high quality of the electric current produced by the DFIG,
and to minimize the fluctuations of the current, active power,
and torque. Furthermore, we can get with the technique a
minimum value of THD of current. The coefficients of the
ANN controllers presented in this work are given in Table 3.

FIGURE 11. Power coefficient.

FIGURE 12. Tip speed ratio.

FIGURE 13. Active power.

FIGURE 14. Reactive power.

The characteristic equation of the neuron in the lth layer is
presented in Equation (19) [38].

Y lj = f
(∑nl

i
W l
jiXi + blj

)
(19)
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FIGURE 15. Electromagnetic torque.

FIGURE 16. Stator currents isabc of both methods: (a) DPC and
(b) ANNDPC.

where,Xi is the inputs vector, W l
ji is the synaptic weights of

neuron j in layer l and blj : bias input.

The proposed ANN controllers have been selected to be
static MLPs, and the architectural schemes of the employed
(MLPs) are displayed in Figure 6. The two used MLPs
controllers have consisted of an input layer with two neu-
rons representing power active error (ξPs) and its derivative
( ˙ξPs), and power reactive error (ξQs) and its derivative ( ˙ξQs)
successively, two hidden layers, and an output layer with one
neuron representing the rotor voltage reference components
Vrq_ref and Vrd_ref successively [38].
Figures 7a and 8a, show how active and reactive power

controllers are evolving in terms of learning. It should be
noticed that the suggested architectures (2-5-5-5-1) for the
reactive and active powers controllers swiftly reach the finest
outcome as of the 30th and 50th iterations, respectively.

It should be noted that during the 100th iteration, the Mean
Square Error (MSE) for both controllers is seen to have

FIGURE 17. Rotor current irabc of both methods: (a) DPC and
(b) ANN-DPC.

FIGURE 18. Direct and quadrature rotor currents: a) irq, b) ird .

a tiny value, reaching 3.62 ×10−4 and 3.69 ×10− for each
controller.

IV. SIMULATION RESULTS
The presented technique is applied to a DFIG (1.5 KW) and
all these simulations were performed using Matlab/Simulink
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FIGURE 19. Power factor.

TABLE 4. System parameters.

software. The parameters of the DFIG utilized in this study
are tabulated in Table 4.

In this part, two test cases are projected to evaluate the
durability of the proposed technique, where the first test case
is a step-change in the wind speed and the second case is
a variable wind speed profile. These two test cases aim to
study the behavior of the proposed technique compared to the
change of references.

A. FIRST TEST CASE
The first test case is to use variable wind speed to study the
behavior of the designed control under the effect of changing
wind speed. In this case, the wind behavior was used in the
Moroccan city of Al Hoceima as illustated in Figure 6. The
findings of this test are shown in Figures 7 to 16. Figure 7
depicts the mechanical speed of the generator. According to
this figure, speed is erratic andmanifests as a shift in thewind.
Additionally, the minimum and maximum rotor speeds are
1250 rpm and about 1550 rpm, respectively.

The power coefficient (Cp) is plotted. As it is noticed that
the profile of Cp change is the same as the profile of wind
speed change, the change in wind speed has an impact on this
value. The turbine’s λ is plotted in Figure 9.

The reactive and active power precisely follow the refer-
ences in Figures 10 and 11 respectively. The active power
manifests as a shift in wind speed, with the value of the active
power increasing while wind speed increases and vice versa.
The reactive power is zero in accordance with the chosen

FIGURE 20. THD of stator current (Isa): (a) DPC and (b) ANN-DPC.

FIGURE 21. Step wind speed profile.

reference. Also, the reactive. The change in wind speed has
no impact on power, however, the active power ranges from
500 W to 1500 W. The generated torque possesses the same
behavior as the active power as in Figure 12. This leads to
the conclusion that the torque change and the change in wind
speed are related.

The rotor and the stator currents change with the change in
wind speed with a maximum value of 5 A for each current as
illustrated in Figures 13 and 14 respectively. A stable value of
around 2.4 A is expected for the direct rotor current as given
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FIGURE 22. Mechanical rotor speed.

FIGURE 23. The Cp.

FIGURE 24. Tip speed ratio (λ).

FIGURE 25. Active power.

in Figure 15-a. While the quadrature rotor current fluctuates
in magnitude between 1.78 A and 4.2 A at its highest and
lowest points, respectively as depicted in Figure 15-b. Thus,

FIGURE 26. Torque.

FIGURE 27. Reactive power.

FIGURE 28. Stator currents isabc of both methods: (a) DPC and
(b) ANNDPC.

the value of the direct rotor current has a relationship with the
reactive power, but the quadrature rotor current has a relation-
ship with the active power. The power factor is around 1 with
some ripples as illustrated in Figure 16. The system itself
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FIGURE 29. Rotor currents irabc of both methods: (a) DPC and
(b) ANNDPC.

FIGURE 30. Quadrature and direct rotor currents: a) irq, b) ird .

and a change in wind speed are to blame for these ripples.
When the suggested DPC-ANN technique is implemented,
the stator current’s THD value is around 2.22% as shown
in Figure 17. This THD number is low, indicating that the

FIGURE 31. Power factor.

FIGURE 32. THD of current (Ias): (a) DPC and (b) ANN-DPC.

quality of the current obtained is adequate and excellent in
comparison to other methods.

B. SECOND TEST CASE
This test is setpoints tracking test, where this test is used to
prove the robustness of the designed strategy for the WTS.
This designed wind profile makes evident the proposed strat-
egy characteristics with respect to the sudden changes of the
instructions. The proposedwind profile is shown in Figure 18,
where it is changed from 8 m/s → 10 m/s →11.5 m/s →

10 m/s to 8 m/s and this is during times 2 s, 4 s, 6 s, 8 s, and
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TABLE 5. Comparison of the obtained results with those reported in
reference control strategies designed in the literature.

FIGURE 33. Structure of the proposed approach.

10 s, respectively. The mechanical rotor speed of the DFIG is
shown in Figure 19. The shape of the mechanical rotor speed
has the same shape as the change of wind speed. This applies
to both the power coefficient (see Figure 20) and tip speed
ratio (see Figure 21).

Active power and torque graphs have a similar form as the
mechanical speed (see Figures 22 and 23). Negative active
power, on the other hand, indicates that the machine is
running in generator mode. The change in wind speed has no
impact on the reactive power, as shown in Figure 24, where
its value remains zero throughout the simulation period with
small amplitude ripples.

Figures 25 and 26 represent the stator and rotor currents,
respectively. Through these two figures, it can be said that

FIGURE 34. Real time implementation system.

the change in rotor and stator currents is related to the change
in wind speed. As the wind speed increases, the value of the
current generated by the generator increases. Figure 27 shows
the quadrature and direct rotor currents of the DFIG. Direct
rotor current has a constant value. On the other hand, this
current takes the form of reactive power. As for the quadrature
rotor current, it takes the form of active power, as we note
that the value of this current increases with the increase in
active power. Figure 28 shows the factor power of the DFIG.
Based on this figure, the value of this factor power is about
1 with special ripples between moments 0 and 2 s. Operation
with zero reactive power provides a regime with a unit power
factor.

In this test, the THD of the current is 0.46 % (respect
the IEEE-519 Std). So, this value is very low compared to
the value obtained in the first test. The improvement of the
THD value is about 20.72 % which is a very good ratio. The
application of the proposed technique gave terrific results,
and this is in the two proposed tests, and this is what appears
in the results obtained.

A study comparing this work with previously done ones
according to the current THD is necessary. Table 5 com-
pares the presented study with other studies that have been
published according to the THD of electric stator current.
According to this table, the designed control gave a better
value for the THD compared to some of the proposed meth-
ods in previously published works such as DTC and FOC
strategies.

In the next part, experimental verification of the simulation
results will be presented

V. IMPLEMENTING THE SUGGESTED STRATEGY
Figure 30 represents the proposed experimental work to ver-
ify the simulation results. In this work, a 1.5 KW DFIG is
used in addition to a computer, Matlab software, a two-level
inverter, and dSPACE carte (DS 1104). To control the inverter,
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FIGURE 35. Experimental results in the case of step speed WTS.
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FIGURE 35. (Continued.) Experimental results in the case of step speed WTS.

the PWM strategy was used. The latter gives us a logical
signal whose voltage is 5 volts, and this is in order to control
the IGBTs using DSPs TMS320F240. The proposed con-
troller is simulated via Matlab 2020. Next, the proposed con-
trol is communicated to dSPACE’s DS1104 R&D controller
Board. Figure 30 illustrates how the latter communicates
the required signals to the inverter’s IGBTs. The experimen-
tal platform validation and tests were performed using the
dSPACE card and the real-time workshop tool as given in
Figure 31.
In this experimental work, two tests were designed to test

the durability of the designed control, and the same tests car-
ried out in the previous section were maintained to verify the
simulation results and to know the behavior of the designed
control when the wind speed is changed.

VI. EXPERIMENTAL RESULTS
The outcomes of this experimental work are displayed in
Figures 32 and 33, where Figure 32 represents the experi-
mental results in the case of step wind speed, and Figure 33
represents the experimental results in the case of variable
wind speed. The system’s resilience against a wind level
profile is demonstrated by the first test. While, the tracking
effectiveness and control following a fluctuating wind profile
are demonstrated by the second one. The first conclusion
that can be made from these experimental findings is that
they are consistent with those of the numerical simulation.

Both the experimental and numerical studies yielded nearly
the same behavior. In the testing, the mechanical angular
speed curves precisely match the wind profile tracks. Figures
32a and 33a illustrate the wind speed profiles. Figures 32c
and 33c represent the power coefficient and this is in the two
tests. These twofigures demonstrate how a change in thewind
speed profile and an energy value are related. The λ of the
WTS is shown in Figures 32d and 33d, and this is in the case
of variable and step wind speed profiles, where we discover
a correlation between the signal and the wind speed profiles.
From these figures the tip spped ration ranges between 6 and
8.5 m/s. Figures 32e and 33e demonstrate with its mechanical
reference the active stator power tracking in clear detail. The
conclusion is supported by the DFIG power quality with a
low rate of undulations.

Figures 32f and 33f show the reactive stator power forms
with their zero-reference value. Remarkably, compared to the
total power output, the reactive stator powers values in the
two experiments are quite low. On the other hand, the torque
of the DFIG is shown in Figure 32g and Figure 33g. In both
cases, the shape of the torque is the same as the shape of the
active power with the torque taking negative values, and this
is because the machine is in a generator state. The value of
the resulting torque changes according to the change in wind
speed profiles. In addition, there is a rapid dynamic response
to the torque of the generator in response to a change in the
rated power.
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FIGURE 36. Experimental results with variable speed wind turbine.
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FIGURE 36. (Continued.) Experimental results with variable speed wind turbine.

Figures 32h and 33h illustrate the power factor forms of the
DFIG-WTSs. From the two figures, the power factor value is
approximately 1 with some faint ripples estimated at 0.02%.
These ripples are caused by the system.

The three-phase rotor and stator currents profiles in the two
proposed tests is shown in Figures 32k, 33k, 32l, and 33l,
respectively. The stator and rotor current values are related to
the system and the reference value of the active power, and
they exhibit a quick dynamic reaction to changes in active
power, demonstrating the efficacy of the suggested control.

The direct and quadrature rotor currents profiles in the
suggested tests are indicated in Figure 32n and Figure 33n.
From these figures, the direct rotor current follows the form
of reactive power, where its value is zero. The length of the
experimental work is independent of the wind speed profiles
with small amplitude ripples. Quadrature rotor current takes
the form of active power and its value changes with the
change in wind speed profiles with the presence of ripples
resulting from the system. These experimental results con-
firm the results obtained by numerical simulation.

VII. CONCLUSION
This work deals with an intelligent direct power control
applied to a changing speed single-rotor WTS based-DFIG.
Initially, we implement the intelligent DPC strategy concept
based on the PWM strategy and the artificial neural net-
work to operate the single-rotor wind turbine with the best

characteristics. In this work, two different tests were designed
to verify the characteristics of the designed intelligent DPC
strategy with the PWM technique. Single-rotor wind turbine
modeling, DFIG, and intelligent DPC strategy theory are
developed in this work. An implementation using the DS1104
R&D Controller Board for experimental confirmation is pro-
vided and discussed. The numerical simulations and experi-
mental results reveal the better characteristic of the designed
DPC strategy in reactive/active power tracking and the quality
of stator current.

The important notes of this work are:
• The proposed intelligent DPC strategy offers better char-
acteristics in changed wind speed profile cases.

• With improved performances, the speed and pursuit of
various magnitudes are guaranteed.

• Through the proposed intelligent DPC strategy, robust-
ness against changes in the wind profile is well assured.

• The high quality of the energy efficiency and the power
factor around the unit attests to the designed intelligent
DPC technique efficiency.

• Based on the simulation results, the single-rotor wind
turbine’s static and dynamic properties are improved by
the proposed intelligent DPC.

Based on experimental findings that continue to be trust-
worthy and comparable to those discovered in the numerical
simulation, we can verify and validate the intelligent DPC
approach characteristics. The current work also provides the
following viewpoints:
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• The incorporation of a storage unit and technical and
financial WTS optimization.

• Another experimental work in the wind turbine system
was driven by the DFIG. Among the suggestions are
nonlinear techniques and intelligent techniques using
artificial intelligence such as fuzzy logic and genetic
algorithm.
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