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Abstract

In this paper, an experimental study of a Wind Energy Conversion System (WECS) is performed. A test bench with a power of 1.5 kW
is setup. The system consists of a Doubly-Fed Induction Generator (DFIG) and a wind emulator based on a DC motor associated with
a Maximum Power Point Tracking (MPPT) control. The proposed emulator is driven by a four quadrants DC/DC converter to produce
a real wind turbine behavior. The aim of this work is to improve the DIFG performances by using the fuzzy logic-based intelligent
controller. This control technic is designed to monitor the stator reactive and active powers. This can be achieved by the DFIG rotor side
converter (RSC) using the field-oriented control. The experimental setup uses a dSPACE DS1104 device, MATLAB/Simulink software and
a ControlDesk interface. The paper shows that, the desired amount of active and reactive powers has been independently controlled

and the implementation is successfully verified the effectiveness of the proposed control scheme achieved using the FLC strategy.
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1 Introduction

At the present time, scientists, and climate experts from
all around the world are motivated to pay more attention
on the alternate energy sources, with zero emission and
environmentally friendly, known as renewable energy.
Harvesting the electric power supply from an abundant
and inexhaustible wind is one of the cleanest, most sus-
tainable, and potential alternatives to fossil fuels. It has
been the topic of several experimental and theoretical
research projects and discussed by many papers [1—4].

In recent years, wind energy production has been grow-
ing fast, and consequently, wind energy conversion sys-
tems (WECS) have drawn special attention, due mainly to
obtain higher performance in terms of electrical produc-
tion quality by adopting different methods of control tech-
niques and different types of generators. The introduc-
tion of the DFIG is one of the most important generators
for WECS that is largely used in the modern wind power
industry [5—8]. It can operate in a wide speed range around
the synchronism speed (+/-30%), which under optimal
control conditions, the system can extract a maximum
wind power, leading to a maximum power production.

However, despite its vast potential, the DFIG suffers
from some shortcoming in its dynamic performance which
should be identified and controlled under variable wind
conditions. Nowadays, commercial DFIG wind turbines
mainly use the technology that was developed a decade
ago based on the famous field-oriented control principle.
The field of generator control is undergoing a vast evo-
lution through different control strategies. As example,
in [8] the authors have opted for stator flux estimation by
using low pass filter to control the power of DFIG wind
turbine. The control of DFIG based on Backstepping with
Lyapunov functions to control the electromagnetic torque
and reactive has been studied in [9]. However, all these
techniques suffer from limited performance and robust-
ness due to modeling imprecision and parameters varia-
tions. Moreover, many authors have preferred to use the
fuzzy logic controller (FLC) to improve the DFIG perfor-
mances. In [10], the authors have proposed to control the
direct voltage and the direct power using the fuzzy logic
method. In [11], the authors have made a comparative study
between RST and FLC controller. In [12], the type 2-fuzzy
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is used to determine the PI controller gains in order to con-
trol the torque and the rotor voltage loops. In [13], an adap-
tive fuzzy sliding mode control is proposed. In [14], a neu-
ral network-based control scheme has been proposed for
the enhancement of the direct torque control. However,
even though the promising finding, these later studies have
been carried out based only on simulation investigations.

Hence, this paper focuses on the implementation of the
FLC to control the active and reactive powers via the DFIG
rotor-side converter (RSC). This strategy is expected to give
the robustness of the command, leads to a good performance
and allows to better be tracking as compared to the conven-
tional PI controller. The test is driven via dSPACE DS1104
card, MATLAB/Simulink and ControlDesk interface.

The paper first introduces the modeling of the differ-
ent parts of the WECS, where our study was focused on
the wind emulator associated with the MPPT algorithm
and the description of the proposed fuzzy logic controller.
The test bench is illustrated, and experimental results are
presented and discussed in Section 3. Finally, the obtained
results are summarized in the conclusion.

2 WECS system modeling and control

A test bench of WECS is proposed and realized, which is
not connected to the grid, feeds a resistive load and it con-
sists of two sides: a wind turbine side and a generator side
as illustrated in Fig. 1. In the turbine side, we have pro-
posed a wind emulator based on 1.5 kW DC motor, which
simulates a real turbine behavior where the MPPT con-
trol strategy with mechanical speed control via classical
PI controller is applied to extract a maximum power what-
ever the wind speed is.
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The emulator is driven by a four quadrants DC/DC con-
verter. A 1.5 kW DFIG has been used in the generator side
where the field-oriented control (FOC) is applied in order to
allow an independent control of the active and the reactive
powers. The stator active and reactive powers are controlled
indirectly through the rotor current via an FLC controller.

2.1 Wind emulator modeling
The governing equations for the emulator (DC motor) model
are given as follows in Sections 2.1 to 2.4.

For the electric behavior:

di
U,=Ri, +L,—+E, M
d d"d d dt

where U, i, R, L, and E are DC motor supply voltage,
armature current, armature resistance, armature induc-
tance and back emf.

For the mechanical behavior:

dQ
T,-T =j—+ Q. 2
a1z ]dt f 2

With 7, T, , j, fand Q are motor electromagnetic torque,
the load torque, the moment of inertia, the friction coeffi-
cient, and the rotor speed:

T, =ki,
! 3
{E:m, ®

where k, and k, are armature and motor constants. The ob-
jective of the emulator is to generate an aerodynamic
torque, which can be actually produced by the wind tur-
bine. The expression of the wind kinetic power (P . ) is
given by Eq. (4) [14-17]:
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Fig. 1 Global scheme of used WECS
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where r, is the blade length, p is the air density (1.25 kg/m’
in normal atmosphere), and ¥ is the wind speed.

This power cannot be fully captured and converted to
a mechanical power by the wind system, so the captured
mechanical power (P, ), that is applied on the shaft is
dependent on some power coefficient or power ration (c,),

is given by:

p =1 (B,2)P ®)
mec _Ecp ﬁ’ wind >

and,

cp (ﬂ:}"):cl (;—2—63ﬂ—C4J8&+06, (6)

where £ indicates the turbine blade pitch angle and 4 is
defined as the tip-speed ratio between the blade linear
speed and the wind speed given by:

2,

A=t 7

w

Q, represents the blade angular speed, with:

1 1 0.035
=1 0.088 - =2, 8
A A p A +1 ®)

where ¢, = 0.5178, ¢, = 116, ¢, = 0.4, ¢, = 5, ¢, = 21 and
¢, = 0.0068 are a predefined coefficients of wind turbine.

2.2 MPPT strategy control

According to the available literature, at the starting point,
the torque may not be determined, because at this time
the mechanical speed is zero as well as the power coeffi-
cient c, Therefore, in the present study, the MPPT con-
trol strategy is used to extract the maximum power for
each variation of wind speed. The strategy consists of
adjusting the mechanical torque of the DC motor so that
its speed tracks a reference value corresponding the wind
speed profile. To achieve this, different controllers can be
used. The classical PI regulator used in the present study
is enough to meet this specification. The corrector must
first, control the mechanical speed to its reference speed,
and secondly, generate an electromagnetic torque consid-
ered as being the image of the reference current of the DC
motor. DC motor current control provides the control sig-
nals, which are generated by the dSPACE DS1104 inter-
face device directing the semiconductor switches of the
arms constituting the DC/DC converter which feeds the

DC motor [18-22]. In this case, an optimal torque is gen-
erated and applied to the mechanical shaft [18, 19].

The speed reference (Qb) of the turbine for a maxi-
mum value of the torque is given by:

. AV
o = o )
Ty
By considering the gearbox ratio (G,), the DFIG me-
chanical reference speed, which the emulator must guar-

antee, can be given as follows in Eq. (10):

Q' =G0, (10)

2.3 Dynamic modeling of the DFIG
The modeling of the DFIG is done in the d-g rotating
frame [7, 23].

Stator and rotor voltages are defined as:

d¢
V,=RI, +—%_@
ds st ds dt s¢q5
d
I/qs = Rs[qs + ¢qs +ws¢ds
d;” (1)
V. =RI, +—" s
dr rdr dt s¢qr
dg,
Vqr = erqr + dt +Sws¢dr
Stator and rotor fluxes are defined as:
¢ds = led: + Lm[dr
¢qs = leq‘_ +Lm]qr
' . (12)
¢dr = Lrldr + Lmlds
¢(]r = L.\']qr + Lm [qX
Stator active and reactive powers are defined by:
})s = Vdslds +I/qslqs , (13)
Qx = I/q.vldx - de[qs

where V, and Vv, are d- and g-axis stator voltages, V, and v,
are d- and g-axis rotor voltages, /, and I are d- and g-axis
stator currents, /, and / _are d- and g-axis rotor currents, ¢,
and ¢qs are d- and g-axis stator fluxes, ¢, and ¢qr are d- and
g-axis stator fluxes rotor fluxes, P and Q_are stator active
and reactive powers, LR and R are stator and rotor resis-
tances, L, L and L _ are stator, rotor and magnetizing induc-
tance, e is the rotating frame speed and s represents the slip.

2.4 The DFIG control
Since the DFIG is a nonlinear system and coupled sys-
tem, a direct control application is complicated. In order



to overcome this constraint, the field orientation principle
is used which consists in orienting the stator flux towards
the d-axis direction of the rotating frame, and where the
stator flux, become [7, 23]:

$,=0=>¢,=9,. (14)

According to the orientation of the flux given by Eq. (14)
and neglecting the stator voltage drop, the set of Egs. (11),
(12), and (13) becomes:

For stator currents and voltages:

L1 L
Id: :¢s _’z_dr’ I‘]S :_L_mI‘]r (15)

V,=0,V =g

qs

Using Egs. (12), (14) and (15), the rotor voltages become:

1
V,=RI,+(L -L, /Ls)d e,
dt 16
I , (16)
V., =RI, +(L -L, /L)—"+e,
dt
with:
2
e,=—so (L -L /L), | an
e,=so (L —L, /L), +sLV, /L

For the stator active and reactive powers, they take the
following form (Eq. (18)):

{Ps = _(Vs-Lm /L.s')[qr

. 18
Qs = I/s2¢s /Ls _(I/SLm /Ls)ldr ( )

Considering the field orientation conditions (Eq. (14))
and using Egs. (15) and (16), the block diagram of the
DFIG can be given as is shown in Fig. 2.

According to Fig. 2, to control the active and reactive pow-
ers, Eq. (16) is used after removing the coupling terms e and
e, (Eq. (17)). Usually, standard PI controllers are used with
Eq. (16) to generating the reference control signals 7, and
V; for the rotor side converter according to Fig. 3, where:
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Fig. 3 PI controll scheme of the DFIG

V(;" = erdr +(LV _Lfn /Lé)ﬂ

. (19)
* 2 dlqr
V. =RI, +(L -L, /LS)7

The reference values oy and IM of controlled rotor cur-
rents /, and I, are extracted from Eq. (18) after selecting
the desired reference values for stator active and reactive

powers (P, - QS f.).

3 The proposed fuzzy logic control

Despite their simplicity, the based-PI control diagrams
have the drawbacks of poor performances, significant
transient behavior, the dependence on the system param-
eters variations, etc. To overcome these drawbacks and,
as already mentioned before, a fuzzy logic-based control-
ler is used in this paper, Fig. 4. The introduction of this
intelligent controller in the currents control loops allows
to replace the standard PIs used in Fig. 3 in order to get
good dynamic performances [24-27] and to ensure the
robustness of the control.

The fuzzy logic considered as a non-linear controller.
Its technique decision-making is similar to human behav-
ior that relies on learning to perform an action involving
all the possibilities in between the numerical values yes or
no. The process takes three essential parts as mentioned
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Fig. 2 Block diagram of the DFIG

Fig. 4 Fuzzy logic controll scheme
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in [26, 27]. In the fuzzification part, the digital inputs con-
verted into fuzzy values. In the second part, the inference
engine allows to simulate the human reasoning process by
making a fuzzy inference on the inputs and the IF- THEN
rules. Then, in the last part, the defuzzification converts
fuzzy values into crisp values at the output of the regulator
as showed in Fig. 4.

In the present work, the fuzzification applied to the
rotor currents errors and their variations. After that, the
inference engine component applies the rules described in
Fig. 5. Finally, the defuzzification allows to obtain refer-
ences rotor voltage which compared with a carrier wave
to get a PWM switching sequences of the semiconductors
constituting the RSC.

4 Experimental results and discussions

In this study, we have carried out the implementation of
a WECS test bench operating at variable speed during 30 s.
The 1.5 kW test bench described in Fig. 1 and presented on
Fig. 6 consists of a DFIG driven by a wind emulator based
on DC motor. The DC current control via a classical PI

References
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Fig. 6 Experimental bench

generates the PWM control signals of the DC/DC static con-
verter. This converter feeds the emulator in order to simulate
the real behavior of the wind turbine. The emulator drives
a 1.5 kW DFIG not connected to the network and feeds
three-phases resistive load connected in star via the stator.

The field orientation condition leads to a decoupled
control of the generated active and reactive stator powers.
The control is carried out indirectly by the rotor currents
regulation using the intelligent controller FLC. The FLC
inputs represent the errors and error variations of the 7, and
I, currents, and the output determines the control signals of
the voltage inverter, which supplies the rotor of the DFIG.

The implementation of the proposed system was carried
out with the dSPACE DS1104 control board using MATLAB/
Simulink and the ControlDesk graphical interface in order to
command and collect the experimental results.

In Fig. 7 we exhibit the wind speed benchmark (refer-
ence) applied to the proposed system and the measured
mechanical speed of WECS resulting from the PI control-
ler. It is obvious that the measured value of the speed tracks
perfectly its reference obtained via the application of MPPT
strategy according to a specified wind speed benchmark.

The mechanic shaft regulation generates an electro-
magnetic torque, which is the image of the wind emulator
reference current. By using the conventional PI controller,
we can see on Fig. 8 that the current control has been com-
pleted since the measurement value follows its reference.

By fixing the setting angle f = 0, we can obtain the
power coefficient shown in Fig. 9 and the speed ratio illus-
trated by Fig. 10 which remain at constant values 0.48
and 8.1, respectively. Therefore, for any variation in wind
speed, we can extract the maximum power.

N}
S

——Reference speed
——Response speed

o
S

o
=]
T

Mechanical Speed [rd/s]
@®
o

IS
S

1 1
15 20 25 30
Time [S]

o
3
S}

Fig. 7 Emulator mechanical speed

~——Response current
15 —Reference current

Emulator Current [A]

5 10 15 20 25 30
Time [S]

Fig. 8 Wind emulator current



=4
=

el

o
T
L

Power Coefficient
(=]
=
T
L

o
w

‘
10 15 20 25 30
Time [S]

=3
5

Fig. 9 Power coefficient of wind turbine emulator

11 T T T T

Speed Ratio

0 5 10 15 20 25 30
Time [S]

Fig. 10 Speed ration of wind turbine emulator

From Fig. 11, the experimental result of the active
power obtained from the quadrature current control using
the FLC show that the measurement variable with a lit-
tle delay follows its reference coming from MPPT, where
we can see that the controller provides a good dynamic
performance and the generated power almost reaches the
nominal power value.

For the reactive power results represented by Fig. 12,
we notice that the measured value fellows its reference.
The reactive value is done from the outside, remains and
equals to 763 Var. This value corresponds to a direct rotor
current equal to zero which means that in this test we do
not produce the reactive power.

Given that the quadratic and direct rotor currents are
the images of the active and reactive powers, from Figs. 13
and 14, the FLCs and PI controllers show the same features
as observed in power responses, Figs. 10 and 11. Indeed,
the FLC provides satisfying tracking for the current's ref-
erences, whereas the PI responses are very fluctuating
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Fig. 11 Stator active power: (a) with PI, (b) with FLC
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with large peak values for both quadratic and direct rotor
currents. According to Fig. 13 (b) and Fig. 14 (b), the FLCs
perfectly play their role for quadratic and direct rotor cur-
rent control. The reference value followed by its measured
value where its profile is exhibiting a similar behavior as
the active power. The same observation obtained with the
direct rotor current control, where its value is equal to
zero which means that the reactive power production is
null, because the used load in this test is purely resistive as
mentioned previously.
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Fig. 15 Stator voltage and current; (a) Voltage; (b) Current

Fig. 15 represents the voltage (in blue) and current (in
yellow) of a single phase delivered by the stator. Since the
load is purely resistive, we can see that the current and the
voltage are in phase.

5 Conclusion

This paper presents an experimental test of disconnected
wind energy conversion system of 1.5 kW from the grid
which feeds a resistive load. Different steps were fol-
lowed to complete this work. In a first step, a wind emu-
lator based on DC motor has been proposed and imple-
mented in order to simulate the real wind turbine behavior.
To extract the maximum power from the wind, the MPPT
algorithm was applied. The MPPT-based emulator pro-
vides the needed reference signals for the controlled vari-
ables, which are the active and reactive powers. In the sec-
ond step, the field-oriented control principle was used to
indirectly control the active and reactive power via the
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