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a b s t r a c t

This paper presents a novel FLC MPPT (fuzzy logic sensorless maximum power point tracking) method
for WECS (wind energy conversion systems). The proposed method greatly reduces the speed variation
range of the wind generator which leads to the downsizing the PWM (pulse width modulation) back-to-
back converters by approximately 40% in comparison with conventional techniques. The method also
increases the system's reliability by reducing the converter losses. Firstly, a MRAS (model reference
adaptive system) based on fuzzy logic technique is used to estimate the DFIG (doubly-fed induction
generator) rotor's speed. Then, a FLC MPPT (Fuzzy Logic Maximum Power Point Tracking) method is
applied to provide the reference electromagnetic torque. Subsequently, in order to achieve the overall
sensorless MPPT technique, the wind power is approximated from estimated generator speed and the
reference of electromagnetic torque. Finally, the wind speed is estimated from the mechanical power
using a fuzzy logic technique. The proposed control method has been applied to a WTG (wind turbine
generator) driving a 3.7 kW DFIG in variable speed mode. In order to validate the simulation results,
experimental tests have been performed on a 3.7 kW test bench, consisting of a DFIG and DC motor drive.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Rising cost of fossil fuels and the need to reduce CO2 emissions,
especially in industrialized countries [1], have led to search for
alternative energy sources such as wind energywhich is considered
as one of the most cost-effective renewable sources [2e6]. Wind
turbines generated about 1.5% of global electricity consumption,
with an installed capacity of 121 GW by the end of 2008 in more
than 70 countries [7].

There are many major issues facing the design of WECS (wind
energy conversion system). The first one is the significant wind
speed variations at different points over the blades swept area
which makes difficult any direct measurement of effective wind
speed [8,9]. Furthermore, using mechanical sensors increases the
cost of both equipment and maintenance, and reduces the reli-
ability of the wind system [9e11]. To overcome these issues, some
studies [8] have proposed to estimate the effective wind speed
2; fax: þ1 819 376 5219.
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indirectly by using other signals, such as output power, electric
torque, generator rotor's speed which are easy to measure [11], and
combined with a dynamic model of wind turbine [12e14]. This
approach has some drawback, since the wind turbine model is
nonlinear and its parameters are difficult to find. Moreover, the
wind speed can be estimated through system identification, state
observer, data mining, and fuzzy techniques [8,10]. In Ref. [14], the
wind speed estimation method based on the linearized model us-
ing a filter and a Newton's search algorithm. Nevertheless, the
simulation result has not proved the stability or the convergence of
the estimator.

In Ref. [10], Gaussian radial basis functions network dependent
on the knowledge of the mechanical power, the turbine speed and
the blade pitch angle have been proposed. However, this method
which relies on the output power measurement and the power
losses estimation, does not take into account the case where the
output power is limited if the wind speed is above its rated power
by pitch control system. A Neuro-fuzzy method to find wind speed
profiles up to the height of 100 m based on the knowledge of wind
speed at heights 10, 20, 30, 40 m is reported in Ref. [15], but the use
of sensors increases the cost of the system.

This work presents a new strategy to compute the wind speed
based on the estimation of the DFIG (doubly fed-induction

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:Kbelmokhtar@eolien.qc.ca
mailto:Mamadou.Doumbia@uqtr.ca
mailto:Mamadou.Doumbia@uqtr.ca
mailto:Kodjo.Agbossou@uqtr.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2014.08.066&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
http://dx.doi.org/10.1016/j.energy.2014.08.066
http://dx.doi.org/10.1016/j.energy.2014.08.066
http://dx.doi.org/10.1016/j.energy.2014.08.066


K. Belmokhtar et al. / Energy 76 (2014) 679e693680
generator) rotor's speed and its electromagnetic torque given by
the fuzzy logic technique. The method allows the computation of
wind speed even if it is above its rated value as reported by Ref. [10],
which is due to limitation of output power at the rated value with
pitch control system.

The rotor speed signal can be obtained by a number of methods
such as speed sensor or using simple open loop speed estimator.
Both of thesemethods have some drawbacks. The firstmethod has a
mechanical coupling problem and it is costly due to the use of a
sensor and a connection cable. For the secondmethod, the accuracy
of speed estimation depends strongly on the machine parameters
[16]. Sensorless speed and position estimation of the DFIG, based on
the rotor or air gap flux linkage with integration calculation, have
some drawbacks. Indeed, if the generator operates around syn-
chronous speed, its rotor is excitedwith low frequency voltages, and
the integrator cannot give an accurate output value. Then, it causes
the failure of flux-linkage based control strategies [17,18]. In this
paper,wepropose aMRAS (model reference adaptive system) speed
estimation observer based on the fuzzy logic controller which can
take into account the errors from machine parameters variation
[19]. To achieve the sensorless maximization of output power, a
MRAS (model reference adaptive system) observer is used to esti-
mate the rotor speed of the DFIG [20e23]. As reported in Ref. [24],
many techniques have been developed for sensorless control of in-
duction machines and for PMSG (permanent magnet synchronous
generator)applications [24]. In Refs. [25], a MRAS using PI (propor-
tional-integral) controller to estimate the DFIG rotor speedwith low
transient speed tracking is presented. In Ref. [26], a speed estimator
based on adaptive fuzzy logic control technique is proposed. The
drawback of this method is that the initial error of the starting
period leads to a large percentage of error on the rotor speed value
[27]. In Ref. [14] a nonlinear static state feedbackwith PI controller is
proposed for awind turbine driving a DFIG. However, this approach
shows large errors between actual and estimated values. In order to
improve the performance of the closed loop MRAS observe, a fuzzy
logic controller is proposed in this paper.

In the aim to capture the maximum electrical power, the speed
of the WTG (Wind Turbine Generator) must be adjusted to reach
the optimal value of the tip speed ratio [28]. In literature survey, a
large number of MPPT (Maximum Power Point Tracking) algo-
rithms are presented in order to extract a maximum output power,
and it can be classified into four most control approaches [29,30].
The first one, is the TSR (tip speed ratio) control, which regulates
the rotor speed, with keeping TSR at its optimum value with the
aim to capture the maximumwind power [10,31e36]. This method
requires an accurate knowledge of the wind turbine parameters
and the measurement of the wind speed to provide the value of the
generator's speed to extract a maximum power. In Refs. [31,32] the
tip-speed ratio is fixed at its optimal value lopt to achieve the
maximum output power extraction giving thus the maximum po-
wer coefficient. This method is faced to some drawbacks, such as
the impossibility to adapt the speed of the wind generator in the
case of fast variation of thewind speed, due to its inertia. In Ref. [10]
another method is presentedwhere lopt is calculated from the roots
of the derivative of the power coefficient relation Cp. This method is
mainly limited by time consumption and calculation complexity,
especially when the mathematical representation of the Cp is a
fourth-order polynomial. Many Cp relations are reported in the
literature such as the Eq. (8) (used in the present study) where the
roots of its derivatives are difficult to obtain. The second method is
the Perturb and Observe (P&O) method which is mainly used in a
PV array MPPT algorithm [37], is a simple strategy to implement
and low cost [38], does not require prior knowledge of neither wind
speed nor generator's parameters [4,39e44]. Nevertheless, this
MPPT algorithm has not a good tracking performance, and then,
some new methods based on fuzzy techniques, neural networks
the optimum gradient method have been proposed which given a
good accuracy [38]. A P&O method to extract a maximum power
based on fuzzy logic technique is reported in Ref. [45]. In Ref. [46],
fuzzy logic controller as used to measure the power and rotational
speed and then perturbs the operating speed by an optimal incre-
ment/decrement of rotor speed, with regard on power turbine
variation in positive or negative direction. The P&O method is
suitable for wind turbines with small inertia, but not for medium
and large inertia wind turbine systems, since the P&Omethod adds
a delay to the system control [43], and some of them are still
complex to implement [38].

The third method named PSF (power signal feedback), is based
on the wind turbine maximum power curve (maximum power
versus shaft speed) allowing the maximum power tracking by shaft
speed control [47]. Wind speed measurement is not required with
this method [47e50]. However, experimentally measurement of
the power versus turbine speed curves, performed off-line is usu-
ally required. The last method called OTC (optimum torque control)
consists of the adjusting of the generator torque to the optimum
value to different wind speed [30,51e53]. This MPPT strategy needs
a look-up table of optimum torque or as a function on speed rotor.
Also, with this method, the estimation of the generator can be
required [53]. This method is not appropriate in medium or large
wind turbine, since its inertia makes its response slow during a
sudden and rapid changes in wind speed [30].

In this paper, in order to overcome the drawbacks of the con-
ventional MPPT algorithms, a novel sensorless FLC MPPT (fuzzy
logic maximum power point tracking) is presented. The proposed
sensorless MPPT strategy has been applied to a wind turbine
driving a DFIG operating at variable speed inwhich stator is directly
connected to the distribution grid while the rotor windings are
connected via a Pulse Width Modulation (PWM) back-to-back
converter (see Fig. 1). The paper is organized as follows. Section 2
presents the dynamics models of both DFIG and wind turbine
system. Focus is given only on the RSC (rotor side converter). Sec-
tion 3 presents the control of the DFIG. Section 4 detailed the
proposed sensorlessMPPT strategy based on fuzzy logic techniques.
The proposed control scheme is investigated according to wind
speed variations and simulation results are presented in Section 5.
The experimental test of controlling DC motor as the wind turbine
emulator is presented in Section 6. Finally, conclusions about the
effectiveness and the performance of the proposed sensorless FLC
MPPT algorithm are outlined.
2. DFIG wind turbine model

2.1. DFIG model

Application of Concordia and Park's transformations to the
three-phase model of the DFIG allows to write the dynamic volt-
ages and fluxes equations in an arbitrary d-q reference frame
[54e56]:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

vds ¼ rsids þ
dlds
dt

� uslqs

vqs ¼ rsiqs þ dlqs
dt

þ uslds

vdr ¼ rridr þ
dldr
dt

� urlqr

vqr ¼ rriqr þ dlqr
dt

þ urldr

(1)



Fig. 1. General scheme of the wind energy conversion system.
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where rs and rr are respectively the resistance of the stator and rotor
windings, us is the rotational speed of the synchronous reference
frame, and ur the rotor reference frame rotating.

The flux linkages are given by:

8>><
>>:

lds ¼ Lsids þMidr
lqs ¼ Lsiqs þMiqr
ldr ¼ Lridr þMids
lqr ¼ Lsiqs þMiqr

(2)

where Ls and Lr are respectively the inductances of the stator and
rotor windings, and M is the mutual inductance.

By using Eqs. 1 and 2, the dynamic model of the DFIG can be
expressed as:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

dlds
dt

¼ �rs
Ls
ids þ uslqs þ rs

Ls
Midr þ Vds

dlds
dt

¼ �rs
Ls
iqs � uslds þ

rs
Ls
Miqr þ Vqs

didr
dt

¼ �rr
s
idr þ ursiqr �M

Ls

dlds
dt

þ ur
M
Ls

lqs þ Vdr

diqr
dt

¼ �rr
s
iqr � ursidr �

M
Ls

dlqs
dt

� ur
M
Ls

lds þ Vqr

(3)

where s ¼ L r� M2/Ls is the Blondel dispersion factor.
Fig. 2. Block diagram of the ov
The electromagnetic torque of the DFIG can be expressed as
follow:

Tem ¼ P
3
2
M
Ls

�
ldsiqr � lqsidr

�
(4)

where P is the number of pole pairs.
By neglecting the power losses associated with the stator re-

sistances, the active and reactive power can be expressed as [10]:8>><
>>:

Ps ¼ 3
2
�
vdsids þ vqsiqs

�
Qs ¼ 3

2
�
vqsids � vdsiqs

� (5)
2.2. Wind turbine model

For a given wind speed vw, the mechanical power Pm generated
by the turbine is expressed as [17,18]:

Pm ¼ 1
2
rACpðl; bÞv3w (6)

where r is the density of the air in kg/m3; A ¼ pR2 is the area swept
by blade in m2, and R the radius of the blade in m.

The aerodynamic model of a wind turbine can be determined by
the Cp(l,b) curves. Cp is the power coefficient, which is a function of
erall RSC control scheme.



Fig. 3. Fuzzy technique based wind speed estimation (Revised).
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both tip-speed-ratio l and the blade pitch angle b. The tip-speed-
ratio is given by:

l ¼ UrR
vw

(7)

where Ur represents the rotational speed of the wind turbine in
rad/sec.
Fig. 4. Membership functions on inputs and outpu

Fig. 5. Schematic blocks of the MRAS based
Knowing the optimal tip-speed ratio (lopt), and the estimated
wind speedbvw, the optimal DFIG speed to achieve amaximumwind
power tracking is given by:

U*
r ¼

loptbvw
R

(8)

The power coefficient is non-dimensional term and is modeled
by the following equation:

Cp ¼ 0:398 sin
�

pðl� 3Þ
15� 0:3b

�
� 0:00394ðl� 2Þb (9)

Generally, if the wind speed is below its rated value, the WTG
operates in the variable speed mode, and Cp is kept at its maximum
value. In this operating mode, the pitch control is deactivated. If the
wind speed is above the rated value, the pitch control is activated in
order to reduce the generated mechanical power [10].

3. DFIG control

In order to verify the effectiveness of the new proposed FLC
MPPTalgorithm, only the Rotor Side Converter Control is presented.
t of the FLC wind speed estimator (Revised).

DFIG rotor speed observer (Revised).



Fig. 6. Structure of fuzzy logic controller of MRAS observer.

Table 1
Wind speed estimator FLC rules base.

Table 2
MRAS FLC rules base.

Fig. 8. Calculation of optimal power coefficient (Revised).

Fig. 9. Structure of the MPPT FLC.
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The GSC (grid side converter) which is controlled to regulate the
DC-link voltage and adjust the power factor, is largely investigated
in the literature. The technique presented in Refs. [57e61] is used in
this paper.
Fig. 7. Fuzzy membership functions for: voltage error, change of error of th
Fig. 2 shows the overall vector control scheme of the RSC. In-
dependent control of the generator rotor speed U*

m and reactive
power Qs is achieved by themeans of rotor current's regulation. The
control of RSC consists of regulating the rotor speed and reactive
power independently [18]. In this paper, there are two control
loops; the inner loop controls the direct and quadratic axis rotor's
current while the outer loop controls the rotor speed and stator
reactive power which are used to generate the reference signals of
the direct and quadratic axis current components. For the inner
loop control, the gains of PI (proportional-integral) are determined
by means poles placement method, while fuzzy logic controllers
are used in the outer loop.

In order to achieve a power decoupling control, the vector
control strategy was adopted, with stator field orientation. Reactive
e rotor voltage, and the output of the DFIG rotor speed FLC estimation.



Fig. 10. Membership functions of error.

Fig. 11. Membership functions of the tip speed ratio.

Fig. 13. Membership functions of the change of error.

Fig. 14. Membership functions of the change of the DFIG rotor's speed.
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power Qs and generator speed are respectively proportional to rotor
currents idr and iqr.

4. Proposed FLC MPPT algorithm

4.1. Wind speed estimation

From the information about the wind turbine power, tip speed
ratio and pitch blade angle b, the wind speed vw can be calculated
using roots or the nonlinear inverse function of Eq. (6). Generally,
the lookup table method is used to implement an inverse function.
Fig. 12. Membership functions of the DFIG's speed.
Nevertheless, this method requires much memory space and may
result in a time-consuming search for the solution. Moreover, the
real-time calculation of nonlinear function roots may result in a
complex and time consuming calculation, then reducing system
performance [10]. The fuzzy technique, well known as a tool for
nonlinear complex time-varying, can be an ideal technique to solve
this problem [10].

In this paper, a wind speed estimation method based on the
fuzzy technique is used. The method approximates the nonlinear
inverse function of Eq. (6), as shown in Fig. 3. The membership
Fig. 15. Membership functions of the output.



Fig. 16. Wind speed estimation.
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functions of inputs and output of FLC (fuzzy logic maximum) used
in Fig. 3 are shown in Fig. 4. Firstly, the turbine mechanical power is
calculated from estimated DFIG's rotor speed given by MRAS
observer which is presented in Section 4.2. The reference electro-
magnetic torque of the DFIG (Trefem) is given by the rotor speed
controller (see Fig. 2), and by taking into account power losses in
the gearbox [10]:

U*
m ¼ GU*

r (10)

where U*
m represents the reference rotational speed of DFIG in rad/

sec, G is the ratio of gearbox and U*
r is the optimal speed of the

turbine (Eq. (8)).

bPm ¼ Trefem
bUm þ Ploss;GB (11)
Fig. 17. DFIG rotor speed estimati
bPm is the estimated mechanical power, Tref
em is the reference

electromagnetic torque, bUm is the estimated DFIG rotor's speed,
and Ploss,GB is the power losses in the gearbox.

In order to provide an optimal DFIG rotor speed to achieve a
maximum wind power tracking (Eq. (8)), the wind speed is esti-
mated from the mechanical power. A fuzzy logic controller (which
design is described in the previous section) gives the estimation of
the wind speed, with the prerequisite knowledge of the tip speed
ratio (lopt), blade pitch angle (b) (Eq. (6)).
4.2. DFIG rotor speed estimation

The proposed MRAS observer consists of using an adaptive
model and a reference model in the closed loop scheme. A FLC is
used in order to reduce the error between the two models.
on performance using MRAS.



Fig. 18. DFIG rotor speed estimation.

Fig. 19. Rotor current and voltage.

Fig. 20. Wind speed profile.
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Fig. 21. Comparison of DFIG rotor speed for both MPPT strategies.

Fig. 22. Comparison of output power for both MPPT strategies.

Fig. 23. Comparison of TSR for both MPPT strategies.
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Fig. 24. Real wind speed profile.
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Fig. 5 shows the overall scheme of the generator rotor position
and speed estimation of the proposed method. From Eqs. (1) and
(2), the q component of the rotor voltage and the d-axis rotor
current can be expressed respectively as:

Vqr ¼ rriqr þ Lr
diqr
dt

þM
diqs
dt

þ urðLridr þMidsÞ (12)

idr ¼
1
M

ðlds � LsidsÞ (13)

To achieve a power decoupling control, the vector control
strategy is adopted, with a stator field orientation on the d-axis. As
Fig. 25. Simulink scheme of MPPT con
lqs ¼ 0 in Eq. (2), the q component of the rotor current can be
expressed as a function of the q component of the q-axis stator
current as follow:

iqr ¼ �Ls
M

iqs (14)

The estimated q-axis component of the rotor voltage used in the
adaptive model can be written as:

bV qr¼�rrLs
M

iqsþ
�
M�LrLs

M

�
diqs
dt

þ bur

��
Lr
M
lds

�
þ
�
M�LrLs

M

�
ids

�
(15)
trol using serial communication.



Fig. 26. Structure of the experimental test bench of wind emulator.
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In order to estimate the rotational speed of the DFIG (bur) using
the MRAS observer, an increment/decrement fuzzy logic controller
is used (as shown in Fig. 6). After estimating the rotor electrical
angular velocity, the rotational speed of DFIG is estimated using the
electrical frequency us throughout PLL (phase-locked loop).

The fuzzy controller includes four parts [62]: fuzzification, fuzzy
rule base, inference engine and defuzzification. There are two input
signals to the FLC (fuzzy logic controller): the speed's error e and
the change of the error De (Table 1). The error and change of error
are converted by scaling factors (Fig. 6). To obtain the output of the
FLC, the defuzzication used is based on the center of gravity
method, and the triangular membership with overlap is used for
the inputs and for the output of each FLC. The linguistic terms used
for inputeoutput membership functions are labeled as “BN (Big
Negative)”, “N (Negative)”, “Z (Zero)”, “P (Positive)”, and “BP (Big
Positive)”. Table 2 illustrates the fuzzy inference rules of the rotor
Fig. 27. Performance of the proposed win
speed estimator. In order to improve the FLC's performance, an
empirical analysis is used to set parameters of the membership.
Fig. 7 depicts the membership functions for the input and output
variables respectively.

4.3. Proposed sensorless MPPT algorithm

A sensorless MPPT solution based on fuzzy logic technique is
proposed. The optimum value of power coefficient is provided by
the estimation the overall power losses in the WTG and by using
the estimated wind speed as showed in Fig. 8. The structure of the
proposed FLC MPPT algorithm is shown in Fig. 9. The main
advantage of this sensorless MPPT strategy is to track a maximum
power point by reducing the size of PWM back-to-back converters
by approximately 40% resulting in significant minimizing of con-
verter losses and overall system's cost [63].
d emulator speed control algorithm.



Fig. 28. Comparison of the measured speed of the wind emulator for both MPPT algorithms.
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Firstly, for the adoptedMPPT algorithm, the optimal value of the
power coefficient by taking into account the power losses is
expressed as (see Fig. 8):

Copt
p ¼

bP losses þ Prated
2rAbv3w (16)

where Copt
p is the optimal power coefficient to extract the

maximum wind power,bvw is the estimated wind speed, bP losses and
Prated are respectively the estimated power losses and the rated
output power of DFIG. Note that the value of Copt

p is kept at its
maximum value when the provided power from the wind gener-
ator is under its rated power, while it is reduced if the output power
is above its rated power.

Using the Eq. 16 and the value of blade pitch angle (which is
determined by the Pitch Control system), the FLC MPPT algorithm
calculates the value of the optimal tip speed ratio (lopt) which gives
the optimal value of the power coefficient according to the esti-
mated wind speed (see Fig. 8). The mathematical representation of
the Cp curves used in this study is given in Eq. (8). Then, the optimal
generator reference speed U*

r for maximumwind power tracking is
determined (Eq. (7)).
Fig. 29. Comparison of the variation of tip
The structure of the fuzzy logic controller proposed for FLC
MPPT is developed below. It contains five inputs: the error (Fig. 10),
the previous value of the tip speed ratio l (Fig. 11), the DFIG rotor's
speed (Fig. 12), the change of error (Fig. 13), the change of the DFIG
rotor's speed (Fig. 14) and the FLC output, which represents the
optimal tip speed ratio lopt (Fig. 15).

Note that the FLC MPPT controller has been programmed in C
code using an embedded S-function block in Matlab/Simulink
software. Therefore, the hardware implementation of the proposed
FLC MPPT algorithm can be achieved using a microcontroller or a
DSP.

5. Results and discussion

In this paper, the performance and the effectiveness of a sen-
sorless FLC MPPT technique have been evaluated on a WTG driving
DFIG (Fig. 1) with parameters given in the Appendix. Simulation
study has been carried out using Matlab/Simulink in order to
emulate the wind variations, and to compare the performance of
the proposed sensorless FLC MPPT algorithm with previously re-
ported conventional method [27]. The Van der Hoven model of
wind speed detailed in Ref. [64] is used in this study. Fig. 16 shows
the measured and the estimated wind speed, where the tracking
speed ratio for both MPPT algorithms.



Fig. 30. Armature voltage for both MPPT algorithms.
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error is less than ±6%. The performance of DFIG's rotor speed
estimation by using MRAS observer is depicted in Fig. 17, where the
tracking error is less than 2%. The direct and quadratic rotor current
of DFIG is shown in Fig. 18. The output power is depicted in Fig. 19.
In order to verify the effectiveness of the proposed sensorless FLC
MPPT strategy, simulations have been carried out. Fig. 20 illustrates
the wind speed profile where Fig. 21 depicts the comparison of
DFIG rotor speed for both conventional and new FLC MPPT. The
results indicate clearly a slower dynamic variation of the rotor
speed in the FLC MPPT algorithm compared to the conventional
one.With the new FLCMPPT strategy, the slip which is proportional
to the size of power converters is reduced (about 40%). Then, the
power converters can be downsized without reducing the output
power provided as shown in Fig. 22. This leads to a decrease in both
cost and maintenance of the overall system by reducing the size of
the back-to-back converters. The comparison of the optimal tip
speed ratio of both MPPT strategies is illustrated in Fig. 23.

6. Experimental validation

The experimental equipment which consists of the imple-
mentation of the control system for wind turbine composed of a DC
motor, a microcontroller with the speed control algorithm and serial
communication unit. The emulator has been tested in the laboratory
to verify the effectiveness of our control strategy based on using
Matlab/Simulink software and microcontroller through serial
communication. A real wind speed illustrated in Fig. 24 is used to
verify the performance of the DC motor control and new FLC MPPT.
The Simulink scheme of the implementation of the new FLC MPPT
algorithm using the Instrument Control Toolbox is shown in Fig. 25.
Fig. 26 illustrates the global structure of the experimental test bench.

The emulator includes a 3.7 kW rated power dc motor whose
parameters are given in Appendix. In order to control the speed of
the emulator, a microcontroller (dsPIC 33FJ12MC202) is used to
regulate the dcedc chopper output voltage. Simulink model com-
putes the duty cycle and sent it to microcontroller, and receives the
measured speed data via RS232 serial communication protocol. The
performance of the proposed fuzzy logic speed control using serial
communication port is illustrated in Fig. 27, where the measured
speed tracks well the reference speed, and the tracking error is less
than 4%. The measured speed is limited to 1620 rpm due the limi-
tation of the DC voltage source of step down chopper to 175 V. The
rated voltage of DC motor is 240 V Fig. 28, shows the comparison of
themeasured speed of thewind emulator for bothMPPTalgorithms.
Aswe can see, with the FLCMPPT, the slip of generator is reduced by
40% approximately, which means the same downsizing of the used
back-to-back power converters. Fig. 29 illustrates the variation of
TSR for both MPPT algorithms. In the case of FLC MPPT, the value of
TSR changes (around10.5which is its optimal value) in order to track
the maximum power point. The variations of TSR are due to the fast
change of the wind speed and the relatively slow responses of the
wind turbine system. The armature voltage for both MPPT algo-
rithms is depicted in Fig. 30. The experimental results illustrate the
effectiveness of the wind emulator speed control by using the
Simulink interface and a microcontroller with serial communica-
tion. Indeed, in order to save the memory of microcontroller and
make easy the implementation of the proposed algorithm, the
control strategy proposed in this paper is suitable and feasible.
7. Conclusions

A study of a wind speed estimation based on sensorless
maximum power extracting for a variable speed WTG system was
conducted in this paper. The proposed control system has been
investigated for a wind turbine driving a DFIG. To provide a
maximum output power according to the variation of wind speed, a
Fuzzy Logic MPPT algorithm is used. This new FLC MPPT method
provides the same output electrical power compared to the con-
ventional MPPT method, while the size of power converter is
reduced by around 40%.

The mechanical power is estimated from the estimation of the
DFIG rotor speed based on the MRAS observer and the electro-
magnetic reference torque given by the rotor speed controller. The
wind speed is then estimated from the mechanical power using a
fuzzy logic controller. Simulation results highlight that this
approach has better performance compared to the conventional
method that uses both output power and estimation the overall
power losses.

Verification of the proposed sensorless control system has been
carried out by performing some simulations on a 190 kW WTG
system. The results have shown that both wind speed and DFIG
rotor speed were estimated with a good accuracy. The resulting
WTG system provided maximum electrical output power to the
gridwith a reduced size of the converters and system's cost without
using mechanical anemometers.

In the aim to verify the effectiveness of the FLC MPPT proposed
in this work, a feasible and easy method using Simulink interface
and microcontroller which exchanging data through serial RS232
communication are presented and tested successfully. This method
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permits to regulate the speed of DC motor and accomplish the
MPPT strategy using fuzzy logic techniques.
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Appendix

Wind turbine rated capacity ¼ 3.7 kW, number of blades ¼ 3,
rotor diameter ¼ 2.1 m, swept area ¼ 13.85 m2, cut-in wind
speed ¼ 4 m/s, cut-out wind speed ¼ 25 m/s.

Wound rotor induction generator: rated power ¼ 3.7 kW, stator
rated voltage ¼ 380 V, number of pair of poles ¼ 2, Rs ¼ 1.115 U,
Rr ¼ 1.083U, M ¼ 0.2037 mH, Ls ¼ 0.02096 mH, Lr ¼ 0.02096 mH,
base frequency ¼ 60 Hz, dc-link capacitor: 3.5 mF.

DC motor rated power ¼ 3.7 kW, Ra ¼ 1.7 U, La ¼ 29.8 mH,
J ¼ 0.00541 kg/m2, f ¼ 0.006 N.m.s.
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